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ABSTRACT 
The techniques of gamma-neutron pulse shape discrimination are 
reviewed in detail and the problems associated with assessing their 
performance considered, The experimental procedures and precautions 
necessary to obtain good discrimination are established, Results 
are obtained from an experimental comparison of four techniques used 
In conjunction with three photomultipliers and various scintillators. 
Conclusions are reached regarding the relative merits of these 
techniques, tubes and scintiflators and the best combinations for 
good pulse shape discrimination. 
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Introduction and Review of past work 
in pulse Shape Discrimination. 
1,-1 Introduction and Objectives. 
In general, pulse shape discrimination is a process 
whereby one may distinguish between differently formed signals, 
independently of the size of , or the area under the pulse (fig.l). 
The identity of a particle passing through a detector may thus 
be revealed if the excitations in its track give rise to a 
distinctive pulse shape. Certain scintillation detectors using 
either organic or inorganic scintillators are very well suited 
for this function because the light they emit decays differently 
according to the identity of the initiating radiation. The 
choice of scintillator in most experiments is governed by several 
factors of varying importance; below are listed examples of 
these: light output relative to anthracene, the decay time constant 
of thç major light components (ti ), and in each case the 
particle discrimination obtained by exploiting their pulse shape 
properties. 
Type Scintillator Light 0/P ts(ns) P'cle Disc. 
Inorganic NaI(Tl) 230 c-p 	e-ot 
 
250 
Organic Anthracene 100 32 
crystal Stilbene 50 "6.2 
Liquid NE213 80 ,,3.6 e-p 






- 	 4 
Note that while Nal (Ti) has the best light output and 
the 'plastics give the best timing resolution, it is NE213 that 
provides the best compromise between these characteristics of 
importance. 
The choice of photomultiplier is governed by the required 
face diameter, timing resolution and gain, and, particularly in 
multidetector systems, the cost is most important. These parameters 
are noted below for two 2" diameter tubes of different structure. 
Table 2. 
Type(ftg.2) No, of stages. Variance of pulse 
transit time. 
Unfocussed 
Venetian Blind 	11 	 14ns 
(6097B) 
Focussed 






After reviewing the previous work in the field of pulse 
shape discrimination (P.S.D.), consideration is given to the basic 
limitations of the system to be used with particular reference to 
an eleven-stage venetian-blind tube. The performance of P.S.D. is 
then compared using different techniques, tubes and organic 
scintiflators in order to determine the best combination from the 
points of view of discrimination obtained and economy. Organic 
scintillators are used for their comparatively high neutron 
-2- 
efficiency and the discrimination techniques are applied to 
distinguish between these and the invariably attendant gamma—rays. 
The objective is thus to increase neutron acceptance and gamma 
rejection ratios over as large an energy range as possible. 
In particular cases the dependence on source energy 
spectrum, count rate, energy threshold, scintillator size, and the 
effect of light guides is ascertained. Incidental measurements are 
also made on the relative light output of various scintillators and 
and the P.S.D. properties of a variety of plastic scintillators. 
1-2 REVIEW; 
The techniques of pulse shape discrimination ( P.S.D.) 
were reviewed by Owen in 1962 (1) and more recently by MoBeth (2). 
A clear distinction may be drawn between those techniques which 
compare the charge collected in various parts of a scintillation 
pulse and those involving some form of timing on the shaped 
detector pulse (3), Into a third category fall those methods 
involving some special filtering or sampling of the detector 
pulse. The effectiveness of a scintillator for pulse shape 
discrimination depends on the degree to which certain modes of 
excitation are identifiably associated with different types of 
radiation. The mechanisms governing these processes have been 
authoritatively considered by Birks (4), and the present state of 
knowledge is best reviewed in the 1970 Scintillator Conference 
Proceedings (5); the application and development of these 
scintillators for shape discrimination has been considered by 
-3- 
HOrrocks (6). No particular attention has been paid to the choice 
of photom.ultiplier apart from remarks by Owen (7) concerning his 
own technique and some General conclusions by Gatti (8) relating 
to the timing technique. 
1-2.1 Measuring Pulse Shape Discrimination Performance.. 
Reference has been made to the yardstick of gamma 
rejection and neutron acceptance by which performance may be 
judged. These figures are given as proportions of the total 
numbers of the gammas and neutrons detected, and as such should 
be distinguished from the absolute detection efficiencies which take 
account both of the discrimination obtained and of the 
efficiency of the scintiflator. This absolute efficiency is only 
quoted when no other figures are available. Further criteria have 
been generally adopted for methods producing pulse height 
distributions as shown (fig.3). The figure-of-meritz(9) 
M-  peak separation - gamzua+neutron WHO 
and the peak-to-valley (Ply) ratio (10) allow easy visualisation 
of performance, but cart be misleading if used for comparative 
purposes ((11) see also Sect.3-2.4). Since the discrimination 
performancerie dependent on the pulse size, the lower limit being 
set by fluctuations in scintillator excitations (1), these performance 
figures should be quoted at or above specific energies (9,12). 
For similar reasons gamma rejection ratios obtained with "1Mev 
gamma sources may be significantly better than obtained in 





4.5 Mev gamma-rays. 
The ability to distinguish pulses is also a function 
of count rate. Unless some form of dead-time protection 
circuitry is used (13) the point at which pulse overlap 
distortion OCCUrS depends on a relation between count rate and 
circuit resolving time (14). The effect on gamma rejection has 
been shown by de Ivies (15).. In certain cases where an intense 
gamma-ray background vastly outnumbers the neutrons detected (16) 
a technique is judged by its ability to identify these few neutrons 
while accepting a minimum of falsely identified gamma-rays. 
1-3 The Charge Comparison Technique. 
The scintiflators considered have two main components of 
decay. These may be fitted by a rapid plus a slower decay 
exponential with characteristic time constants (17) except for the 
particular case of Stilbene (18). It is however the proportions 
of fast and slow components which are used to identify particles 
in the charge comparison technique. The photomultiplier acts as 
a low distorticn amplifier, translating the form of the light 
scintillation into a charge collection profile (fg.1). 
1-3 .l'tFast-total" comparison. 
The charge comparison technique takes several forms, 
the first historically being adopted in Owen's 2-dimensional display 
(19). Brooks (20) adapted it for detection purposes obtaining the 
fast portion of the pulse from a clipped anode output and a longer 
portion from the previous dynode. Amplification in the two branche. 
-5- 
was arranged such that the sum of the pulses was negative or 
positive according to the identity of the exciting radiation 
(fig.k). The shaped anode pulse acted as a radiation independent 
arbiter, Absolute lefficiences of .0074 and 95% were claimed for 
gammas and neutrons from Po-Be. Sti].bene produced reasonable 
discrimination at a slightly lower, \ euergy'thanàidoliquid 
sciatillator; but no difference wasdetêcted for a variety of 
tubes with transit times of 2 — 
Many similar techniques have been reviewed by Owen (1) 
variously selecting from the first ten to first lOOns as 
representing the fast part of the pulse. Since his survey, 
r - 
various dèvelopxients have occurred, Jackson (21) established that 
the fraction of light in the fast signal would have to be at least 
507, greater for gammas than for neutrons for complete separation, -  
He reasoned also that, for best results the resolving time 
required, in this case about 20ns , should be similar in magnitude 
- 	. 	 a 
to the transit tim&;ot c!thaiphoto. ttube used. His comparison of 
fast and slow tubes substantiated this., The -'pTérformance obtained ç 
compares unfavourably with Reid's results (9)-who also considered 
I 
a range of scjntSflators. Typically, he' obtained a fipjure_iof_merit 
of 1..9 at (rather than above) 0.8Mev equivalent electron energy 
for an Am-Be source and lE213 scintillator. According to his 
assumptions, this corresponded to a neutron acceptance of 99.995% 
and a gamma acceptance ratio 1 of 5 : 10. Reasonable discrimination 
appeared feasible down to 250 key. 
-6- 





Hereafter, most methods used a single dynode output 
for processing, cpnsequently avoiding the effect of interstage 
gain fluctuations. A superior circuit based on this principle 
was devised in 1968 (3fig,5). It produced 99.9% gamma rejection 
and virtually 10017 neutron acceptance above a neutron energy of 
60 key and at a count rate of lkcps. This was checked with 
gammas from Am241(6Okev) and I)-]) neutrons. The dynamic range of 
the circuit limits the working neutron energy range to 0 - 30 Mev. 
A comparative analysis of performance with various 
tubes and scintillators followed shortly (22) and the circuit is 
now produced commercia1y(23,24). Various versions of this have 
been devised since: Jones used the anode output of an RCA6810A 
photomu.ltiplier in similar fashion (14) but only obtained useful 
discrimination down to 200kev neutron energy with his integrated 
circuit version (25)(however this was for a count rate of 10 5cps). 
Czirr used a deuterated version of 1IE213 with an XP1040 tube 
which, although reducing neutron capture background by a factor of 
ten, produced unimpressive results (147). Inferior performance has 
also been obtained using fast • total charge comparisons with 
Russian tubes (26 927). 
1-3.2 'Past-slow" Comparison. 
Since the fast component for electrons and protons in 
an organic scintillator has the same shape, an alternative 
approach by Daelmick and Sherr (28) compared the ratio of fast/slow 
amplitudes, or in practice, the fast negative and slow positive 
-7- 
pulses from the anode and last dynode respectively (2 ig.G). This 
corresponded to a comparison of charge collected in the first 
iOns and after bOIls. A rejection ratio of 10 : 1 was obtained 
for 3. Mev gamma sources at 500cps but this deteriorated rapidly 
with count rate. In common with other circuits of this type, only 
the identified neutron pulses result in output pulses. However, 
Richter (29) has described modifications whereby gamma 
identifying pulses may also be produced from this system. Little 
improvement in count rate performance was obtained by Mendell (30), 
but a system using the commercial version of this circuit (31) 
was sufficiently sensitive to identify gamma-rays and neutrons 
correctly in a comparatively intense gamma background (1 : io) 
(16). A faster system devised by Bertin (32) compared the charge 
arriving in the first 50ns with that between GOns and 200ns; this 
produced a 98% gamma rejection ratio above 750kev equivalent 
electron energy with a 4% absolute neutron efficiency falling to 
1.8% above 250kev. 
1-3.3 "Slow-total" Comparison. 
The obviow alternative, a comparison of the slow and 
total pulse amplitude was used by St.Onge and Lockwood (33,34) 
taking a single pulse from the anode (fig.?). The supposed 
advantage of this method is the avoidance of saturation and 
non-linearity associated with the fast component in the 
photomultiplier. They obtained an M )3,1 at 1 Mev electron energy, 
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1-3.4 Criticisms. 
Borrocks (35) has made general criticisms of these 
circuits on the grounds that they are based on the relative 
amplitude of the slow component. Thus at low neutron energies 
when the amplitude of this is small, discrimination is poor. 
It was probably in answer to such and further criticisms 
regarding non-linearity of stretching diodes and pulse pile-up 
that de Vries and tJdo (15) devised their sophisticated 
fast-.total comparison circuit, It had a O.lps resolving time, 
rejection ratios of 1 : 10 at 1 Mev electron energy and handled 
a 0.5 - 30 Mev neutron energy range. The problem of non-linearity 
its different branches of a comparison circuit has also been 
considered by Jones (25). As opposed to Horrocks' comments, 
Sabbab (3) has produced a mathematical argument calculating the 
time dispersion of the charge comparison and zero-crossing 
methods at various energies, and he suggested that below 600kev 
electron energy the charge comparison method was superior to any 
timing technique. 
1-4 The Timing Techniques. 
The timing techniques may be divided into two math 
groups. The first of these shapes a photomultiplier output pulse 
by one of a large variety of methods to produce a bipolar pulse 
which changes polarity at i point in time which is strongly 
dependent on the shape of the charge collection profile. Since 
the discrimination is based on the time elapsing between the start 
-9- 
of the pulse and the point of crossing the zero amplitude axis, 
/ 
these arexeferred to as zero cross-over timing techniques. A 
second group consists of those methods which , obtain some measure 
of the rate of,charge collection. This isrepresented as the time 
elapsing between the attainment of certain percentages of the 
	
- 	
.-' 	 - 
integrated voltage pulse amplitude and so might be:referred to as 
constant fractions of pulse height timing techniques. These 
techniques.are]Arge1y&ndependent of or take' account of the 
amplitude of the pulse to be processed. The general remarks made 
jl 	rfrtJ 	 -d 	 I) 	4. 
previously (sect. 1-2) apply equally well here though in 
particular one can see more ju stification for Gatti's preference 
4A- 	.c 	3' 
for fast 	otubes in this context. There is some importance in 
determining what type ­ oV'shaping  L t jjljoWG .~  the _moat significant 
timing information to be extracte& and, particularly for the 
zero cross-over technique, what circuitry allows the most accurate 
time-marking. Some attention must also be paid14to the process of 
time-to-analog conversion. 
LI 
1-4.1 Zero cross-over timing. 
The early attmpts at F  zero cross-over timing have 
again been reviewed by Owen (1) but it is worth repeating Forte's 
(36) observation that the use.of a single dynode output avoids 
the effects 'of interstage gain fluctuations and leaves the anode 
free for other purposes. Roush (11) peiformed the first systematiec 
appraisal of shaping techniques. With an initial 'short integration 
the optimum values were obtained for bipolar pulse forming with 
-10- 
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RC, RL and delay-line elements • The importance of a pronounced 
Gradient for timing at the zero cross-over was stressed, and 
elsewhere the need for speedy discrimination and the reduction of 
statistical fluctuation has been underlined (37), The use of 
tunnel diodes and other coincidence circuit techniques (38) such 
as "arming" i.e, alerting the tunnel diode for rapid transition 
at cross-over pick-off (fig.8), these all enhanced the timing 
resolution.,. 
The absolute precision of the timing measurement still 
depended on the time-to-analog donverters. These are of two main 
types (see Kowaiski's book (39))for an excellent review of these). 
First there is the start-stop converter in which a storage element, 
almost always a capacitor C, is connected to a constant current 
generator by the START signal and disconnected by the STOP signal. 
The resulting pulse amplitude is proportional to the time interval 
P between the START and STOP signals (fig,9). In the second type, 
the overlap converter, the START pulse must exhibit a well defined 
length L, and the STOP pulse must be somewhat longer. The length 
of their overlap is measured by a discriminator and linear 
integrator, tNT, and the amplitude of the resulting pulse is prop-
ortional to (L-T) (fig.lO). An overlap converter does not produce 
an output signal for a single START pulse as a basic START-STOP 
converter does. However, the overlap converter cannot check the 
correct sequence of the input pulses. 
-11- 
1-4.2 1W ShaDing. 
Roush used a start—stop converter, in fact a simple 
valve difference amplifier acting Esaconstant current generator 
for a email capacitor; time separation sensitivity was increased 
by delaying the leading edge start pulse until shortly before the 
expected cross—over time, He also indicated that the thaping 
requireme4ts were fairly flexible and this was evidenced by 
subsequent papers referring to both organic '(37,4O):and inorganic 
(41,42) scintillators. These all used integrations and 
differentiations of different lengths but produced similar 
quality of P.S.D. i,e. bM 1.4 above t 5cOketequiva1lentelectron 
energy (fig.fl). One or two facts are noteworthy: the use by 
Nadav (37) of a tunnel diode biased in its higher voltage state 
to allow negative triggering; and th removal of statistical 
fluctuflitn by selected integration (42). A similar circuit with 
temperature compensation (for space applications) (43) produced 
a. gamma rejection ratio of 125 : 1 for 97.8% neutron acceptance 
above ZOOkev equivalent electron energy (as with other techniques 
when the gamma rejection ratio was increased to 450 : 1, the 
neutron acceptance ratio deteriorated slightly).. Soucek's (44) 
circuit was designed with 3 critically biased tunnel di6dekand 
obtained +'2ns timing resolution over a 100 t 1 dynamic range, 
but the discrimination was poorer.Thie Inferior performance may 
- 
 
be partly due to the tunnel diode arm
I,
in pedestal boiñgapplied 
only"a few us" before transition, (more commonly the arming is done 
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dynamic range is also explained by Brady and Bonner (45) to be 
a consequence of two channel discrimination. (An additional 
weakness of the systm Is the occurence of saturation in the time 
to pulse height converter). 
Rather superior performance was obtained by Johnson (13), 
the tunnel diodes in this case being biased in their 'ready' low 
voltage mode (tig.12) q In a start-stop time-to-pulse height converter 
devised by Alston and Draper (46) the time separation sensitivity 
was increased by the same method as Roush adopted i.e. delaying 
the leading edge until shortly before the expected cross-over 
time.. The threshold at 30kei equivalent electron energy 
sufficiently reduced the effects of statistical variation and 
noise to obtain 99% gamma rejection for a 1 Mev source and 
M = 1.06 (P/v = 38) for a P0-Be source, at 1300cps. Almost as 
good performance was obtained by Kozlowski (47) at a count rate of 
3 x le cps* Much poorer performance using this technique with 
large volume scintillators (12,48) may be related to 
deteriorations in timing resolution; Some of the possible sources 
of this have been dealt with by the second research team (49). 
The other bipolar pulse shaping techniques dealt with by Roush 
have not been so widely used. Only Kahanè (50) and Gatti (51) 
appear to have had success with RCL shaping. Kahane obtained 
99.5% neutron acceptance at 1 to lOkops above a 150kev equivalent 
electron energy bias, a quality factor of 1.5. 
-13- 
1-4.3 DL Shaping. 
The use of delay line clipping was mentioned in Owen's 
review and has been frequently used since with varying amounts of 
shaping prior to the clipping. 
Alexander (52) devised the first such circuit with only 
slight but critical shaping of the clipped pulse (1 ig.13), and 
despite the use at Schmitt triggers (working at a 5mv threshold 
with + 3ns accuracy) obtained 50% neutron acceptance at lkcpa, 
with a 200 : 1 gamma rejection above a 300kevo equivalent electron 
energy bias. This performance was slightly improved on by Peele 
(53) using tunnel diodes. (A previous article describes the 
application of this principle to noise signal rejection (54) ). 
Similar results were obtained by Miller (55) and Cialella (56). 
The trend was to the use of a separate later electrode for the 
start signal (a time pick—off unit was used to obtain both a 
start and a bipolar pulse from the anode, in Cialella's paper) 
and clipping times of lps. The same philosophy was adopted by 
Bucher (10) but performance was far better because of the superior 
discriminator be used (based on a series of articles in (57)) 
which produced <0.26ns "walk" (fig.14) over a 1 : 500 dynamic 
range, and the output was suitable for use in either start—stop 
or overlap converters. Gamma rejection ratios of 2000 : 1 at 
360cps and 350 ; 1 at 10cps over a neutron energy range of 
0.1 - 1 Mev, were maintained when a further sophistication (58) 
extended the energy range to 15 Mev. and the P/V ratio to lO : 1. 
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but because of additional pile-up rejection circuitry its 
count-rate capability might be slightly superior. Ingenious use 
of delay lines has also been made in order to fabricate filters 
with special characteristics - these will be considered separately. 
Mention should also be made of the use of long double 
differentiation. This has been applied by Johnson (13) 9 Burns (60) 
and by McBeth ( 61) but only in the last paper is sufficient 
detail given to allow performance to be assessed. The drastic 
reduction in gamma rejection ratio for a 1 ?lev. source from 
10 : 1 at lOOcps to 135 : 1 at 15000ps is obviously a result of 
the long start to cross-over time of 37 s. This problem was 
overcome by JohnsOn with the use pf dead-time protection circuitry. 
1-4.4 Constant fraction of pulse height timing techniQues. 
According to Bell (62), leading-edge timing provides 
far superior timing resolution to that obtained with zero 
cross-over timing, the Bole justification for using the cross-over 
method being the avoidance of amplitude dependence. The best 
resolution is obtained by taking the measurement after n of the 
total R photoelectrons have been collected, such that: 
where sj& represents the variance of arrival time of photoelectrons 
at the electrode and lIt refers to the relevant fluorescence 
decay time. In addition, Jones (63) has shown that threshold 
discriminators create smaller time variances because they register 
on a centroid of part of a microscopically irregular pulse 
whereas a cross-over pick-off triggers at a single electron or 
-1 ç_ 
rather, in practice, a small number of electrons. Hence the use 
of gating pedestals in Bucher's (10) tunnel diode circuitry and 
the method of Bass (64) using non-zero tunnel-diode thresholds on 
the leading-edge and cross-over, thresholds being adjusted to 
account for different rise times. 
The advantage of leading-edge timing and wide dynamic 
range were combined in a constant fraction of pulse height 
discriminator devised by Gedke (65 966) and applied to !.S.D.(67) 
to give a dynamic range of 100 s ]. for a cross-over "walk' of 
± 1.2ns. They were concerned with maximum timing precision at 10% 
of the pulse height. In fact the most significant point on the 
integrated neutron or gamma pulse lies at '-85% of the pulse 
height according to Kuchnir and Lynch (68) (fig.15). They obtained 
a zero cross-over at a corresponding point using asymmetrical 
double delay-line shaping but the results were fairly typical. 
However two Japanese groups have devised integrated circuits with 
wide dynamic range. Kimbara devised (69) and applied (70) such a 
circuit measuring between 10% and 90% points to get 2 : 1000 
gamma rejection below 500kev neutron energy and M = 1.29 (P/V = 70) 
for an Am241 - Be * cc60 source. mile Furuta (71) obtained 
similar performance over a 50 —. 500kev neutron energy range and a 
value of M = 1.4 (P/V = 200) over a 50 : 1. dynamic range (fig.16). 
There is now a commercially available unit (72) which measures the 










This last technique bears a strong resemblance to the 
technique developed by Johnson (73) which involved an idealised 
trapezoidal single delay shaped pulse which crosses zero at the 
65% charge collection point identified by Kuchnir and Lynch. The 
performance does not come up to expectations one is reminded of 
Johnson's remarks in an earlier paper (13) suggesting that the 
simple processing with minimal circuitry is more likely to retain 
the most pulse shape information. 
1-5 Filter and hybrid techniques. 
1-5.1 Delay-line filters. 
In the above mentioned discrimination techniques, only 
a part of the available information can be used. Gatti and 
de Martini (74) reported a technique for which the information 
yield is optimum. They devised a time-dependent linear filter 
which processed the current pulse from the photomultiplier by 
applying to it a. time-varying attenuation P(t) - a weight function 
which emphasises the more pronounced differences in the pulse 
shapes of the scintillations to be distinguished between (fig.16). 
Figure 17 shows the realisation of a network having the required 
response, with the aid of two delay lines of length T72 and T2/z 
which are terminated by two small resistors R 1 < Z0 and R2< Z 
respectively. (Z0 denotes the characteristic line impedance). The 
identity of the radiation is indicated by the polarity of the 
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principle to alpha-gamma discrimination in anthracene. Both 
Williamson (18) and Adam (15) have used the technique in neutron-
gamma discrimination. The former created a pulse shaper from a 
shorted and small resistance terminated delay lines which produced 
a gamma cross-over but a wholly positive neutron pulse. The 
reflecting length of the second delay-line was O.lyj s, the time 
required for 87% of the gamma light and 70% of the neutron light 
to be collected. The only indication of performance Is a reference 
to the gammas being distinguishable down to 30lcev. Adam also 
shaped the pulse with an unmatched delay line but then Integrated 
it giving discrimination down to 150kev neutron energy - almost 
the equivalent performance. 
In fact both the charge comparison and timing techniques 
can be interpreted as a form of filtering. Sabbah and Suhami (3) 
have derived the analogous filter function in the charge 
compa±ison case (fig.20) and demonstrated that in terms of Gatti's 
discrimination factor - the tractional variance of the pulse 
differences, this technique is -2 times worse. Gatti himself (76) 
has deduced the idealised equivalent filter function for the 
timing technique (fig.21) and compared it with the actual filter 
formed by Roush's (11) shaping technique, but only in a more recent 
paper (51) has be taken into account nonstatistical effects and 
the photornultiplier dark current. With this additional rigour one 
can appreciate that there are optimum BC shaping values, but that 
they still give discrimination 25% worse than the original 
optimised circuit. 
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1-5.2 Space-charge filters. 
One of the earliest circuits devised discriminated (7) 
between neutron and gamma pulses according to their ability to 
overcome saturation in the last stage of the photomultiplier. 
Although this technique is normally classified as a charge 
comparison because the saturation recovery is related to the 
proportions of the pulse in the fast and slow components, it seems 
more appropriate to consider this rapidly saturating final stage 
of the tube as an active filter. A mathematical derivation of the 
form of this filter appears in an appendix and the resulting wave 
forms are shown in Figure 22, ThIS technique was applied to the 
analysis of pulse spectrum distortion effects (77) over a 1 - 10.7Mev 
neutron energy range with gamma rejection set at 99,9% for a 2.5Mev 
ThOa source, and with a similar performance in a muon capture 
experiment (78). 
There are two possible drawbacks to such a system: firstly, 
as can be seen (fig.22) simple pulse height discrimination on the 
processed output may identify the strong overswing of high energy 
gammas as associated with neutrons; a further criticism is the 
long time (several microseconds) required to obtain sufficient 
information for radiation discrimination, though an advantage of 
this technique according to Owen is that cheaper slow tubes may 
be used. Circuitry to tackle this first problem was devised by 
Batchelor (79) who utilised the late cross-over of high energy 
gamma pulses as a means of gating against them (fig.234 This 
lowered the threshold considerably allowing 10% neutron detection 
-19- 
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(See Sect. 1-2.1) at 500kev neutron energy and a 300 times 
reduction in counting of 1 Mev. gammas. The commercial version of 
Owen's circuit (80) cancelled the positive gamma overshoot using 
a delay-line (81) but performance was not specified in terms of 
energy. 
Johnson's circuit (82) overcame both problems, i.e, 
long resolving time and high energy gamma-neutron pulse similarity, 
by the use of a 0.8p S gating pulse and slight integration which 
accentuated the gamma-neutron pulse height differences. This led 
to a further improvement - 99.7% re, jection of gammas at 800cps 
above a neutron energy threshold of 400kev with 9J neutron 
counting above 500kev* 
The restriction imposed on energy range by hard 
saturating neutron pulses or restricted tube gain has been 
relieved by the methods of Doke (83) and Hiramoto (84) using an 
adjusted capacitance over the saturating stage. This reduced the 
threshold to neutrons and increased the range of gamma energies 
tolerated to Sokev to QMev. (fig,24). 
Rather than extract the information from the filtered 
pulse by means of pulse height discrimination, one may use the 
cross-over point which also, as implied above, allows radiation to 
be distinguished. This effectively uses Batchelor's idea (fig.23) 
as a timing technique in its own right. No performance figures 
are given in Hsu's paper (85) but Fabiani (86) quoted a #%.99% gamma 
rejection ratio using this technique; this was for a 140kev 
equivalent electron energy bias. The neutron acceptance rose to 
-80% at 1Mev neutron energy - but this was at very low count rates. 
-?fl- 
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1-5.3 Sampling technique. 
Finally, mention should be made of a sampling method 
of pulse shape observation devised by Tojo (87) which can be 
applied to pulse shapeddiscrirnination. It appears possible to 
derive a parameter characteristic of a pulse in terms of 
variously weighted samples of pulse height at selected points; 
or alternatively, to make a. similar point by point comparison 
with some standard pulse shape (fig.25). Although such a technique 
promises excellent performance and very short resolving times, 
there has been no attempt to produce such a unit. 
1-6. Conclusions. 
In attempting to draw conclusions from the vast array 
of techniques and performances, it may be realised why no 
single 	method of P.S.D. has 	been adopted. (Table 3 selects 
the best examples of the various techniques). Firstly, although 
in the majority of cases the efficiency of the scintillators and 
tubes does not vary appreciably, the quality of discrimination 
obtained by different workers using the same technique often 
differs considerably. In addition, any comparative assessment is 
severely hampered by a shortage of performance data or by its 
presentation in an unintelligible form, 
However,, some general statements may be made. The 
theoretically based assertions of Sabbah and Gatti regarding the 
superiority of charge comparison and timing techniques respectively 
appear contradictory. In practice equally good performance has 
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been obtained with either, down to the same threshold. Of the 
charge-, comparison techniques, the best appears to be the 
fast-total comparison# liegarding the timing techniques, there is 
both theoretical and practical .evtdence that threshold timing is 
superior. In general poorer performance is obtained with the 
filtering technique, the best being from the unmatched delay cable 
circuits, but Tojo's shape analyser shows promise of very good 
discrimination. 
-22- 
Table 3: The best examples of the various techniques. 
Technique Ref Threshold Count rate Range PLy M Gamma Neutron 
(Eq.een) 	(cps) 	(it energy) 	ace. 	re4j. 
Charge 
Comparison 
Fast/total 3 50kev 0,06-14)4ev 1;104 2:10 
Slow/total 33 500kev' 1-20)4ev 3.1' 
Fast/slow 28 300kev?' 500 110 
Timing 
Without DL 
1- or 13 lokev 1300 38 1.06 1110  
pedestal 
2-with 36 300kev? low 1-14)4ev 50'1.5 
pedestal 
With DL 
1-without 59 Gokev 500 0,4-12)4ev 103 2' 1:200 
pedestal 
2-with 3 10  pedestal 58 10k' 0.1-15)4ev 1:350 
Long double 
Diff'n 	61 50kev 100 0.15-20)4ev 1.0-' 2.0 1:10 
1500 1:135 




1-Amplitude84 50kev 	 0.15-20Mev 
difference 
2-Cross-over 
difference 86 140kev 	low' 	 1:100 1:5 at 
1Mev 
Contrived 75 50kev 	 0.15-15)4ev 	1:100 
DL filter 
* Information not specifically quoted, but derived by inspection. 
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CHLPTER 2. 
The experimental assemblage. 
In designing the experimental assembly, particular 
attention was paid to factors relating to stability and uniformity 
of detector response as these are of the utmost importance in 
obtaining truly representative performances in various systems to 
be compared. Of the many factors affecting linearity, the voltage 
divider design is considered first. 
2-1 The voltage divider theory. 
To work efficiently, the voltage divider must provide 
interdynode potentials of maximum stability. To achieve this 
firstly its high tension power supply should be largely unaffected 
by variations of mains voltage or load, and must have an excellent 
long term stability, temperature independence, and low hum (the 
Fluke High Voltage Supply used had a ripple of less than 1O0pV 6 
and a stability of 0.002% per hour). 
Secondly, when the tube is used for pulse operation, 
there are abrupt changes of electron current between the dynodes 
and hence also in the parallel chain of resistors. (The theory of 
this has been extensively dealt with by Lush (88) ). Since the 
electron current increases geometrically up the tube, (assuming a 
constant photoemmissive multiplication factor, cI), this effect is 
of more consequence at the anode end where the dynodes draw more 
on the standing current in the resistor chain, thus reducing the 
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inter-dynode potentials here so that an increased proportion of 
the overall potential is dropped over the lower part of the tube. 
The net result is an increase in gain as is demonstrated in a 
Mullard. publication (89) 
n. 
t_v - nr 
where I is the standing current, 'k is the current drawn by the 
cathode, n is the number of stages and A the overall gain. The 
relative gain variation is thus reduced as 1.is increased (though 
focussed tubes are not so susceptible to such distortion). In 
addition, stability is further assured by placing capacitors across 
the last dynode sections to carry high peak pulse currents (a 
common method in amplification techniques). 
Thirdly, although the use of by-pass capacitors may 
reduce the need for high currents in the resistor chain, it can 
introduce a count rate dependent distortion. It can be shown that 
gain variations are minimised by making RnCn>>  Tf, ( the 
fluorescence decay time), but as RnCn  is increased so does the 
likelihood of overlap between following pulses (R and C n refer 
to the resistance and capacitance between the nth  and 
dynode). Kowalski (39) shows that the mean deviation of I is 
given by: 	 /M 2\=LN IITRC 
\kR / I s R,C 
For a given maximum pulse rate r, maximum number of electronLI .fl 
arriving at the anode, and mean gain I, optimum choices are 
Rn.0 	]Jr, and.> IL 	where 	denotes the maximum 
n xi max. 	
maxe 
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permiseible root-mean-square deviation. For instance for a 
typical 11-stage phototnultiplier with K = 106 9 S = 3.5, r = 10 
counts per second, N = lO electrons and amax=  0.1%, the second 
requirement for stability implies that I s > 1091k or I S > 1031a 
(anode current), while the third requirement indicates Rnon~lOOps 
and Is I 1.6mA as preferable choices. With such limitations it 
only remains to choose the components of the chain subject to the 
manufacturers recommendations as to overall working voltages. 
Painstaking optimisation of the chain as performed by Bellettini(90) 
is undesirable as the resulting gain, though vastly improvedr is 
critically dependent on the resistor values and the particular tube 
used. However, it being essential to avoid any tendency for 
unwanted tube saturation to occur, most researchers initially 
select the manufacturers' 'B' type recommended chain (12) but 
finally adopt something between that and type 'A' • A technique 
developed by Gibson (91) produces a satisfactory non-critical 
dynode chain with pulses free of saturation distortion and ringing. 
The method involves selecting the ratio of resistor values in 
accordance with the upper limit of overall voltage (for which 
saturation is most likely to occur at the final dynodes) leaving 
the last stage resistor adjustable for working optimisation. Such 
a procedure has been adopted with the additional precaution of 
placing a Zener across the cathode - first dynode stage to provide 
a stable inflated potential difference at a point where the 
collection losses of photocathode electrons must remain negligible. 
It was also borne in mind that discrimination techniques using a 
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single dynode output should not be influenced to the same extent 
by changes in interstage gain (36). Numerous papers have been 
written discussing the use of voltage regulator tubes (92), 
diodes (935), voltage dependent resistors (96) or, most 
successfully, transistor stabilisation (97 9 98) but in the present 
experimental set-up such precautions were not considered necessa. 
As mentioned above, capacitive by-passing is required for stability, 
but it is found that, particularly at high count rate, heavy by-
passing is also required if the integrated signals taken from the 
dynodes are not to be subject to slow baseline shifts. 
2-2 The dynode chains to be used in the investigation. 
The dynode chain circuit for the 60973 photomultiplier 
is shown in Figure 26. Its construction and layout was strongly 
influenced by suggestions made in Gibson's (91) paper; all leads 
were kept as short as possible and Padiospares EHT cable (14/36SWG) 
was used for allL signal lines and for high tension supply to keep 
capacitive coupling and pick-up to a minimum. Insulation was also 
used to remove the possibility of corona sparking. A single heavy 
ground plane was provided by brass casing of the whole assembly. 
It was decided to make the cathode earthed, for although making 
the anode earthed reduces the output insulation problems, it also 
increases the noise problems of possible contact of negative 
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While adhering to the same general principles, the 
construction of the 56kv? dynode chala;T(cirCUit shown in fig.27) 
differed in that the voltage-divider could be made completely 
accessible for working adjustments. This facilitated alteration 
of the focus control and, saturation voltage "Helipots" (low 
inductance cermet potentiometers (99)) and the close coupling of 
oscilloscope probes to the dynode outputs. The design also 
featured a spring-loaded light-tight coupling to the photomultiplier 
base and a perforated zinc safety shield which was locked in place 
over the voltage divider hen not under test. This faster tube is 
more susceptible to ring ,.,in.g ring , ,and although by-passing capacitors 
were placed direct on the ?d ynode base, sufficient precautions were 
not initially taken in connecting the output signal cables. The 
causes and avoidance of.tbese problems by close coupling of well 
screened cable is disoussd in an. RCA publication (100). 
The precise forth of, the potential divider owes much to 
that described in vasd' tlje,sis (101) and lso'bears some 
similarity to th'A6hkinoltage. divider (102). The form of the 
latter has the additiona4adv ant age of,raid recovery, i.e. the 
--4- 
next pulse is identifiableiln a third or less of the time taken 
with a recommended dyno&e.fqbain. - 
H 
Details should also be given of the dynode chain 
(fig.28) for the XP1040 phototube (a fast tube with 5" photocathode). 
The chain was primarily designed (103) for use in a multidetector 
I 	' 4 --- k• - 	- ' 	-: 	! 	* 
system applied t6' -the analysis of Se products
- 
 in the..ternary mode 
of thermal neutron induced fission. In addition to the adjustable 
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focus and saturation voltage potentiometers, control is also 
maintained over the applied R.T., and an additional potentiometer 
enables the voltage distribution to be optimised for maximum gain 
and minimum transit time spread. An additional "fast" output is 
also available for timing purposes. 
2-3 Factors affecting linearity and optimum performance. 
Besides the dynode chain features required for good 
stability, the particular scintillator, the tube and their 
optical coupling, the associated electronics and multi-channel 
analyser - these all introduced factors affecting the linearity 
and the reproducability of performance. In the following, 
consideration is given to these influences, particularly as they 
affect venetian-blind type tubes and in their application to 
neutron-gamma P.S.D. 
Birks (i#) has dealt extensively with the characteristics 
of organic and inorganic scintillators. NC (Ti) for example has 
a linear response to gamma-rays to within 7% over the energy 
range 0.2-2.0Mev. and an efficiency that peaks at a temperature of 
2000. Temperature dependence is negligible in most organic 
scintillators (104) and the linearity of their energy response 
down to lOOkev. gamma-ray energy has been demonstrated (105). The 
use of liquid and plastic scintillators overcomes complications 
arising from crystal anisotropy. The response of the scintillator 
also depends on its size and shape because the forms and 
proportion of various excitations depend on the radiation and the 
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range of its energy spectrum which determine the preferred 
interactions. Geometrical theories (106-7) have been developed 
which take account of the possible sites of scintillations; 
neutron spectrum unfolding techniques are largely concerned with 
the various interactions occuring and the importance of wall 
effect and interaction product escape probabilities (108-10). 
This knowledge has led to the choice of scintillator size and 
shape giving optimum neutron detection at a particular (77) or 
over a range of energies, i.e, by enhancing the neutron detection 
efficiency by comparison with the detection of the accompanying 
gammas (111). It appears that stilbene crystals taller than 2" 
offer no advantages in detection of a 0-14Mev range of neutron energies 
while a 2 : 1 length to diameter ratio appears to be the optimum 
for an 14E213 capsule in such an application. 
2-3.1 Linearity checks. 
The conditions for linear performance were obtained 
with a 1" Nal (Ti) crystal coupled directly onto the phototube, 
and standard 3pCi gamma sources (Na22 , C060 9 Cs137 ). These 
sources do not produce calibration peaks in the range below 
40OKev in which the non-linearity of Nal (Ti) becomes more 
apparent. The count rate for each source was adjusted to be 
approximately the same (about 103 counts per second). All unused 
dynode outputs were shorted out and care was taken that the 
amplifier output was itself truly linear over the voltage range 
used. The pulses were analysed in 100 channels of a 'Laben' 
400 channel pulse height analyser. The calibration curve shown 
(fig..29) indicates linearity at the tenth dynode of the 6097B up 
to 1300v. (tube MIT). The same EHT limit applied at the ninth 
dynode, presumably because of the rapid onset of saturation with 
the chain designed to give a strong space charge effect over the 
last dynode-anode stage. A similar procedure was adopted with 
- the other tubes used, the 56AVP producing a linear output from 
the 11th dynode at 2000v • and the XPlOkO from the 12th dynode at 
2,500v. 
It is possible to calibrate the system with an organic 
scintillator, but in this case the gamma interactions are 
predominantly by Compton scattering for energies less than 1.02Mev, 
since in low Z materials the photoelectric effect, which varies 
approximately as Z5 9 is about lo times less probable than in 
Nal (Ti). Richter (29) has produced Gaussian 'smeared' computer 
compiled spectra based on the Klein-Wishina formula, from which 
he has derived that the theoretical Compton edge occurs at 0.72 
of the maximum height. The energy at the Compton edge corresponding 
to the maximum kinetic energy of recoil electrons is given by: 
	
E 	 BO 
Tmaxl where b< = 0.51 and B0 , the energy 
of the incident gamma-ray, is in Mev. (112). 
As can be appreciated from Figure 30, such a 
calibration is less accurate than for theiorgaiiic scintillators, 
but had none the less to be performed for each organic scintillator 
in order that measurements be recorded for the same energy range 
of incident radiation. Such calibration data would incidentally 
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enable a comparison of light outputs from various scintillators 
to be made and in order that these results should be independent 
of the size and shape of the active scintillating volume a 
further experiment was performed to establish the required 
geometric conversion factors. 
2-3.2 Shape - Light output dependence. 
The main source of error in this experiment is 
associated with fluctuations in light collection efficiency. This 
is dependent on both the quality of reflectance from the 
scintillator walls, and the optical coupling with the photo-
detector. Numerous comparisons of reflective coatings and surface 
preparations have appeared (113-117). The suggestions appearing in 
the last of these papers were adhered to. 
Three 2" tall cylinders of IElO2A plastic scintillators 
with diameters of nominally 1.0", 1.4 11 0 and 1.85" diameter were 
hand roughened on all but the viewing end with fine sand-paper. 
They were then spray painted with several thin layers of TiO 
paint (NE560), each coating being allowed ample time to dry in a 
warm atmosphere. The total thickness of paint was at minimum 
0.02". Each scintillator was then mounted vertically on the 
cathode face of the 56AVP tube using an inert optical coupling 
grease (118). The samples of I4E102A, initially of 2" length, were 
lathe turned to heights of 1.4" and 1.0" so that comparisons 
could be made on decreased sizes of precisely the same material. 
The pulse height distribution was recorded for scintillations 
from the two gamma sources Na22 and Y88, These sources provided 
four Compton edges on the resulting spectra and these were used 
as reference points from which to derive relative changes in 
light output. The fractional changes were found to be consistent 
(for these sets of four reference points) to within ± 2% - a 
surprising degree of agreement considering the sources of error 
previously mentioned.. The figure (31) shows both qualitative and, 
for the thin cylinder., quantitatiire agreement with the findings 
of Kaiser (119). It should be noted that the light output is also 
a function of the scintillator diameter. The difference between 
the small and medium diameter scintillators may be understood in 
tens of light trapping in a long thin rod. this problem may be 
relieved by placing a specular reflector on the remote end of the 
cylinder (117). the slightly lower light output of the large 
diameter acintillator is associated with the overlap of the face 
on the phototube, the resulting unmatched annulus representing a 
surprisingly large area. For instance, a 2y2mm overlap on a 56AVP 
represents 20% of the scintillator face. This mismatched coupling 
duplicated the arrangement occurring when (nominally) 2" 
scintillators are coupled to, say, a 5GAVP. 
2-3.3 Tube instabilities. 
The gain stability of the photonultiplier has been 
considered, but other agencies may affect the reproduction of the 
cathode response. The precautions previously mentioned allow 
handling of a range of count rates; however, the tube may take from 





Several small undesirable effects are presentin 
photomultipliers. The temperature dependent thermonic emission 
(dark current) from the cathode may be shown to be negligible in 
comparison with the signal pulse (142). There is, however, a 
substantial change in the spectral sensitivity of the photocathode 
with temperature, in addition to the drop in response for 
decreasing temperature as a consequence of increasing resistance 
in the Cs-Sb photocathode. Recent papers have also indicated 
considerable fluctuations in sensitivity across the photocathode 
(123) and examined these fluctuations at various wavelengths (124). 
Since the optimum focussing and transit times are a function of 
the sensitivity variation (49), this behaviour has obvious 
relevance to pulse shape discrimination. Natural radio-activity 
in all glasses but fused silica produce a cathode response as do 
weak radiation-triggered scintillations in the tube envelope. 
Pre-pulsing (125) and after-pulsing (126) are associated with 
properties of the tube electrodes. Certainly the latter may be 
diminished by ageing the tube (68)1 
2-3.4 Field-induced effecte in photomultipliers: On linear outputs, 
Interference by external electrostatic or magnetic 
fields has more important repercussions. EMI (127) caution users' 
that material in contact with the tube envelope should be at 
cathode potential. Charpak Z&.s considered the magnetic eff tct 
of small coils (128) and the electric effect of charged meshes (129) 
in the neighbourhood of the end window, Very small magnetic 
fields or meshes held at 70v with respect to the cathode 
seriously perturb the current pulse. 
Engstrom (130) has shown the importance of small 
external magnetic fields on the response of photomultipliers with 
a cage dynode structure and a similar effect is found in venetian-
blind structures. The magnitude of the effedt is very dependent 
on the interdynode voltages and Is also increased by any 
misal ignment of the dynode mounting (Pietri (131) has considered 
the effect of this on transit time dispersion as well). External 
fields are particularly important when minimum transit time spread 
is required or if the cathode diameter exceeds that of the dynode 
structure (4), 	 - 
A series of experiments was performed to determine the 
importance of external fields on the photomultiplier output 
pulses. Particular incentive for such enquiries was provided by 
the experiences of Davie (132) with 6262B tubes. His experimental 
procedure involved the rotation of a rig containing these 
photomultipliers to remove the effect of structural and efficiency 
asymmetries in a polarisation experiment. It was discovered, that 
the space-charge saturated pulses at the Owen outputs (used for 
neutron-gamma discrimination (see sect.3-1)) suffered large 
orientation dependent changes in magnitude. Accordingly a tube of 
similar construction - the 609713, has been thoroughly investigated. 
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First investigations considered the gain variations of 
the 'unshielded 6097B tube with rotation in the earth's field. For 
this purpose the detector was so positioned that the field 
associated with power lines and high voltage transformers was 
minimal. Coupled to this venetian-blind tube was a Nal (Ti) 
crystal with a Na22 source bound so as to be stationary with 
respect to the detector during rotation. The linear pulse height 
distribution was recorded in 200 channels of a 400 channel 
analyser, the 1.28 and 0.51Mev spectrum peak s being. used as 
reference markers. 
Figure 32 shows typical spectral shifts for rotations 
through 1800 ;  ±eproduotability was verified, If this is to be 
interpreted as a magnetic effect, reference to the EU catalogue 
(127*(fig.33) would suggest that since rotations were performed 
between-'two downwards' and 'four downwards', the relevant 
components of the earth's field were responsible. In addition, it 
was found that the spectral shifts obtained, for rotations by 45 0 
steps, were compatible with the interpolated curves shown. If it 
is granted that, as suggested by Birks (4), the effect of the field 
on the cathode to first dynode electron trajectory is of major 
consequence, then when the tube is al igned N - S the vertical 
component of the earth's field only is effective, while for the 
tube al igned E - W both components of the field act on the 
electrons - subject to them being emitted perpendicular to the 
cathode, Figure 33 also shows the variation of the shift magnitude 















system and limitations to the reading accuracy, even these 'best' 
results do not allow a meaningful separation of the effects of 
the horizontal and vertical field components. Bearing in mind 
that the cathode-first dynode potential is held constant by a. 
Zener diode, it might be expected that any distortion occuring at 
this stage would be amplified linearly by the rest of the tube. 
In practice the graph indicates that increasing the BHT, and hence 
interdynode potentials, actually increases the effect. There was 
also a slight tendency for larger pulses to be disproportionately 
more affected than small pulses. 
A series of tests were performed to establish whether 
these effects could be associated with any other unknown. In an 
effort to eliminate any cable pick-up, the cables were bound 
together so as to prevent relative motion and a charge-sensitive 
preamplifier (133) was used to rule out capacitive effects. These 
and other checks on pick-up from unused outputs, count rate 
dependence and multi-channel analyser gain variation failed to 
produce any evidence of association with the above orientation-
dependent effect. 
It is worth noting at this stage that the changes in 
pulse height distribution are fairly small so that in particular 
integral discriminator pulses derived from such a spectrum, and 
intended for use in gating against signals corresponding to lower 
energy events, will have an associated threshold which is accurate 
for, say, kOOKev equivalent electron energy events to within +20Kev. 
A sheet of mu-metal was tested for its shielding 
properties using a permanent magnet and a flux-meter • The 
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measurements indicated an average reduction of flux density by 
a factor of ten. When the sheet was formed into an external shield 
round the brass cylinder casing of the detector a marked increase 
(fig.34) in distortion was noted (the tube-shield air-space was 
approximately 3"). This could be understood as the result of 
partial screening altering the effective line of action of the 
magnetic field. A close fitting mu-metal shield prevented the 
appearance of this phenomenon; it was held at cathode-earth 
potential (134-5). 
2-3.5 Field induced effects in photomultipliers: On Owen P.S.D. 
Although anticipating to some extent the full 
discussion of the Owen technique (chapter 3), it seems appropriate 
at this stage to consider the effect of external fields on the 
output of the last dynode when the last dynode-anode space is 
subject to saturation. In these experiments the liquid organic 
scintillator I4E213 was used; it was contained in a specially designed 
bubble free encapsulation to simplify orientation tests. This was 
optically coupled to the 6097B phototube and irradiated by a 
lOOmOi (nominal) p 210 - Be source. 
This scintillator is particularly noted for its pulse 
shape properties and the method of such a scintillator's 
application has already been touched on (Sect.1-5.2). The positive 
overewing of the Owen pulses previously referred to has a pulse 
height distribution as shown (fig-35) and by applying a gating 
signal to the analyser, the noise and low energy event contributions 
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may be removed from the spectrum (1 ig.36). Such a gating signal 
may be obtained from a discriminator operating on the linear 
output of a dynode further down the same tube.. The peaks of this 
spectrum correspond to the amplitudes of the gamma and neutron 
overswings and to obtain logic pulses identifying a pulse as that 
of a nettron, a discriminator threshold should be set at some 
point in the ,valley. It is obvious that if this amplitude 
distribution is subject to variation the setting of the 
discriminator will change with respect to the gamma and neutron 
peaks. 
For this experiment the tube was centrally placed in the 
homogeneous field of a pair of Helmholtz coils (136). The 
detector mounting and coil assembly could also be tilted up to an 
angle of 700 to the horizontal. Such an arrangement allowed 
almost complete freedom of orientation and magnitude for the applied 
field. The discriminator operating on the linear output was set 
for a threshold at 400lCev Compton recoil electron energy, to 
provide a gating signal as explained above. The count rate above 
this threshold was about 4,000cps. The peaks of the gated pulse 
shape discrimination spectrum provided reference markers. From 
the dimensions of the coils and the formula 
the field over the neighbourhood of the tube may be deduced (137). 
Working in m.k.s. units 	= k'TTX lO' volteseco, n (the number of 
turns per coil) = 130 and k (the coil radius) = 0.15m* so that for 
a current of 1 	3centr? 0.7814 x 10 weber/m2 . 
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The effect of this applied field is shown (fig.37) for 
currents of 0.1 to 1.0 amp. In this case the tube was sheathed with 
mu-metal and the applied field was horizontal and directed 
towards magnetic North. The shift observed for the smaller currents 
cannot be caused by effective gain changes because the linear 
output was shown (Sect.2-3.4) to be little affected at the level 
of the discriminator. Plowever, at fields of the order mentioned 
above (i.e* for a current of 1 amp.) it is quite feasible that the 
gain would be appreciably increased and the consequent lowering 
of the effective energy threshold would account for the worsening 
in P.S.D. observed. It may be shown that (138) since the 
electrostatic intensity (E) and flux density (D) are related, the 
current density (3) is given by: 
where in m.k.s. units, K (a constant of proportionality)=2.34xlO', 
Vb  is the interelectrode potential, and d the electrode spacing. 
Hence one may appreciate that external fields, even weak ones, 
may affect the space charge saturation. Furthermore, the large 
differences (e.g.20%) in Vb  required to get optimum pulse shape 
distinction in different 60973 tubes may be explained by slight 
differences in the last dynode-anode spacing, according to this 
formula. 
It is more difficult to explain the shift of the peaks 
on rotation when a large field is applied. The absence of such a 
shift at lower currents is indicative of the cylindrical symmetry 






field the effects are more difficult to interpret precisely. The 
shifts are much smaller (Table 4) but the direction of shift is, 
even for the Small currents, noticeably orientation dependent. 
This may be interpreted by reference to Figure 38 where in this 
case the angle of inclination of the resultant field (residual 
earth's plus applied) i's a function of the strength of the 
applied field until the current reaches 0.3 amp; by this stage the 
residual earth's field is a factor of 10 times weaker. Although 
these shifts were small., reliance may be placed on their 
significance as the trends were repeatable and the reference 
peak-numbers consistent to within less than ± 2%. 
Table 4: Percentage shift on rotation of the shielded tube 
through 1800 in various fields. 
Parallel to 
field. 
Current gamma 	neutron 
amps - 
0,2 4.5% :2% 
0.3. 7.5% 6.5% 
1.0 16% 8.570 
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A final investigation was performed on the unshielded. 
tube, Table 5 shows the shifts in the peaks on rotation with the 
tube pointing North and without applied field. It is interesting 
to note that the magnitude of the shifts is comparable to that 
obtained with the shielded tube and a coil current of 0.3 amps. 
This current corresponds to an applied field of 20 x 10 
webers/m2 as compared with the horizontal component of 1.8 x 100 
This shielding factor of 12..5 tallies reasonably with previous 
measurements on the mu-metal in sheet form (Sect 2-3.4) 
Table 5: Percentage shift on rotation of the unshielded tube 
in 90° steps pointing North in the earth's field. 
0 	 0 	 rO 	0 	 0 
amma0neutron gaznni20neutron - ammA8Lutron gamJ7 eutron 
%shjft 0% 	1.5% 	2% 	105% 	0% 	1.5% 	2% 	1.5% 
Finally it was calculated that a current of 61 milli-amps 
was required to create at the centre of the coils a field equal 
to that of the earth. The tube and coils were aligned-precisely 
parallel with the direction of the earth's field (a declination of 
700). When the calculated current was passed in such a direction 
as to create a cancelling field, no shift of the reference peaks 
was detected on rotation through 360 ° in steps of 900 (cf. 139). 
The magnitude of distortion found with this tube is 
much less than that found in the 6262B. The shifts mentioned 
above were of the order of a 30th of a volt, whereas Davie's 
were subject to shifts of at least a volt. It has been 
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conclusively shown that the major cause of the shift in the 6097B 
is due to magnetic field interactions.This affects the linear 
output as well as the saturated output pulse height distribution, 
at small fields the former being distorted by interactions with 
the cathode - first dynode focussing properties and the latter 
with the conditions of space charge saturation in the last 
dynode-anode region. Such interactions may be guarded against by 
the use of mu-metal or by providing a cancelling field, but 
shielding appears to be the simplest method. 
2-3.6 Stability and Linear 	of Electronics. 
Purther care has to be taken in designing the 
electronics if linearity and system stability are to be attained. 
A description of the various nodules used and of the tests 
performed on them appears in Davie's thesis (132). The chief 
requiremens of the system are independence of temperature under 
normal laboratory conditions, line voltage fluctuations and 
changing experimental conditions, e.g, count rate, dynamic voltage 
range. These requirements naturally apply also to the Multi-channel 
Analyser where in addition there must be stability of the 
Analog-to-Digital Converter 'zero' and the production of count 
rate independent spectral shapes. A series of tests was performed 
therefore to determine the linearity and 'subtract step' of the 
400 channel analyser mainly used. Measurements of the voltage 
multiplication factor, differential linearity and subtract step 
are compared with the nominal values in Table 6. 
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Table 6: 	Differential and Integral Linearity of 
the Multi-channel Analyser. 
nominal 	 20 	40 	80 Scale factor actual(+o.l)(' 1 ) 	2101 41.8 80.6 
Integral 
linearity * nominal<0.2% actual N-0.2% 0.6j091% 2.2+0.3% 
(at Tow end/of 
conversion) 
Differential 
linearity nominal <2% 	actual 	42% 	<4% 	<9% 
Subtract step nominal O.lv actual 0.14v 
Defined according to Kowalski (39) in the absence of intelligible 
defjncUion in Laben handbook (fig.39). 
These tests were performed with a 'Solatron' measuring 
oscilloscope and pulse generator., the output of the latter being 
shaped as shown (fig.40) to approximate closely to the pulse 
shapes to be analysed in practice. 
The process adopted for checking the linearity of the 
whole system has been dealt with previously (Sect.2-3.4). 
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CHAPTER . 3 
Pulse Shape Discrimination by the 
Owen-Batchelor technique. 
-1 Theory of the Owen-Batchelor techniques 
Two P.S.D. methods have been considered in detail.The 
first method, the Owen-Batchelor technique, essentially examines 
the proportion of slow component in the light output of the 
organic scintillator. Suhami and Ophir (140) have shown that this 
proportion is energy as well as particle dependent. 
Consider the last dynode circuit (1 ig.4l); assuming that 
the phototnultiplier faithfully reproduces the light pulse shape 
	
in-1 = 1
0e_tk and In = 	where Y is the 
decay constant and J the multiplication factor at the last dynode. 
The signal voltage is given by: 
CdV + V = In -  'n-i (ci - 1) IT rz 
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(See appendix for complete derivation). 
1. and 2, imply that both V, and t 0 are related to V/10 and 








with the pulse. Thus V is proportional to 1 0 and hence to B. On 
the other hand to will only depend on I • Figure 22 shows how the 
value of 'r determines the output voltage amplitude. A block 
circuit diagram of the P.S.D. assembly is shown in Figure 42, 
conventional voltage preamplifiers, delay/discriminators and 
amplifiers being used throughout in this rather qualitative 
assessment. 
3-2 Application of Owen P.S.D. with various tubes. 
3-2.1 Application with a slow tube. 
Linearity of the 6097B photomultipfler assembly having 
been verified up to 1350v at the tenth dynode, this output was 
used as the source of linear signals though, as remarked by 
Bucher at al. (58), the properties of the scintillator create 
marked nonlinearity of proton pulses for energies of 1 to 10Mev. 
The scintillator used in this experiment was IE213 (151) in a 
glass side-bulb cell ( 2" x 2" height). It was held, stationary 
with respect to the photocathode by loners, sponge wadding and cord 
Optical bonding with. silicon grease (118) gives minimum changes of 
refractive index between the glass cell and the lime soda 
photonultiplier window. The voltage over the last dynode-anode 
stage was adjusted over a wide range by means of a high quality 
linear 10k potentiometer (141). Further particulars of the dynode 
chain have already been given (Sect.2-2) 9 The voltage preamplifier 
was a compound common emitter with inverted output available from 
the collector of the second stage. Sufficient explanation of the 
electronics appears elsewhere (132). 
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With the 'linear' amplifier coupled to the analyser, 
the 'linear' discriminator may be adjusted to supply pulses to the 
'coincidence gate' input for those linear pulses above a certain 
amplitude. Using a standard gamma source the discriminator could 
thus be set to veto pulses corresponding to Compton electron 
recoil energies below a chosen value. Since the analyser used 
had been adjusted for another purpose so that the logic level 
at the gate input was not examined until 6p  after the pulse 
received at the input, (rise-time protection) such a delay had 
to be placed in the discriminator - logic converter branch. In 
calculating the correspondence between voltage and energy, the 
corrected values of subtract step and voltage scaling factor 
(Sect.2-3.6) were noted. 
The gamma source was replaced by a gamma - neutron 
source and the output of the 'Owen' amplifier analysed. If these 
pulses were 'gated' at the analyser by the above 'linear' 
discriminator pulses, the 'Owen' spectrum was obtained for energy 
events above a set threshold, but irrespective of the time the 
'overswing' crosses the base-line. AS in the Batchelor (79) 
method, discrimination against signals crossing the zero axis 
after large ('- 2ps) intervals of time (mostly high energy gammas) 
can be achieved by requiring coincidence between the variably delayed 
Owen discriminator output and the linear discriminator output. The 
occurence of such a coincidence was signalled by a pulse from the 
'and' gate and similarly treated as a gating pulse. In practice, 
the gating pulse was such as to inhibit pulses associated with 
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noise and low energy gammas (a threshold corresponding to lOOKev 
Compton electron recoil energy) and those high energy gamma 
pulses which cross the base-line 1.5ps or longer after the 
'linear' discriminator is triggered. However, the timing condition 
was not usually enforced as the saturation conditions could be 
adjusted to give very small positive overshoots for all gamma 
pulses. 
The various stages in the processing of the Owen output 
are illustrated by Figure 43. This shows the pulse height 
distribution of signals at the output when a gamma-neutron agurce 
is placed near the detedtor. The separation of the gamma and 
neutron peaks is then increased by the rejection of pulses from 
recoil events in the scintillator below a certain threshold, and 
then further improved by dismissing from consideration those gamma 
pulses which tend to be mistaken for neutrons. 
3-2.2 Optimising and performance rating. 
Figure 44 indicates the procedure adopted in selecting 
the best last dynode-anode voltage for distinction between 
neutrons and gammas. The case illustrated involves comparison of 
spectra obtained above a certain threshold, though ungated spectra 
were sometimes compared fvr this purpose. The criteria on which 
these comparisons were based involved the peak separation and the 
relative depth of the gamma-neutron valley. Also shown is the 
technique whereby gamma rejection and neutron acceptance ratios 













gamma peaks may be obtained from Figure 45 which shows the 
superposition of the Owen pulse height distributions for a. gamma-
neutron source and a Pitchblende source, this latter being chosen 
because the gamma energy range stretches up to 2.6Mev. On the 
basis of such extrapolations, one may deduce the gamma rejection 
ratios obtained with a discriminator level set at various points 
in the gamma-neutron valley. These were checked in practice by 
finding the proportion of Pitchblende gamma pulses which exceeded 
the various discriminator levels, the output of the Owen 
discriminator being passed to a scaler for a set time and compared 
with the number of pulses accumulated by the Analyser in the 
linear spectrum over the same period of time. For the low count 
rate concerned errors due to dead time were negligible (<5%). 
These gamma-acceptance ratios are shown in Figure 46 for various 
'Owen' discriminator settings. The gamma-neutron flux in this 
case was from the 1Mev. Oockroft-Walton accelerator at the High 
Voltage Laboratory of the department. A mono-energetic beam of 
neutrons (3.511ev) was obtained by the 2H (d,n)3 He reaction, 
bombarding a deuterium target with deuterium ions accelerated 
through a potential of about 800kv. The ineffectiveness of the 
Batchelor (79) technique in this connection is associated with 
the absence of high energy gamma-rays from the set's radiations. 
The detector was a side-bulb 2" NE213 scintillator mounted 
horizontally on a 6097B phototube. The optimum saturation voltage 







Similar differences in best dynode-anode voltage were observed 
in ten stage RCA tubes byTanaka (142); Owen (7) who also used 
a 60973 tube found a setting of 4v. anode-last dynode was the 
best. - 
With a saturation voltage of 0.55 volts and the 
discriminator bias set slightly lower (by 28mv.) than shown, 
1' 
99.9% gamma rejection was obtained tth an improved neutron J 
acceptce of 96%. The slightly hiher saturation voltage also J• 
C 	 L 	 I 	ciJoO 	 / 
gave more gain. The good quality of this discrimination may be I 
/ 	 / 
partly due to. the fairly mono-energetic natir&àf the neutron/ 
/ 
source Land  the smallproportion of high engyazmaas. The 
I 	j 	tt i. indications were that the discrimination was-very sensitive to 
I I 
	
1 	 I 	 1 
the flrfl discriminator bias\position and hence for a wider range 
of energies distinctions wOulddxlot be drawn so efficiently.' 
3-2.3 Source dependence.. 	'S 
In order to determine the reiation(tf any, between 
7 
source ànd pulse shape discrimination performance a comparison 
2 	 .7- 	 210 was made (flg.47) otthe spectra obtained with a Po -Be source 
/ 
and theH.T.. set .acting as source. The scintillatoiLused was 
19 
NE213 on the 60973 tube'The data were collected atslight1y 
77 
different rates - difficulty was encountered in adjusting the set 
and position of the detector to obtain the required intensity of 
radiation while still keeping the required proportions of gammas 
and neutrons. These adjustments were performed so that the sole 
difference between the two sources was in the energy range of 
the radiations detected. Under these conditions it was surprising 
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to note very little difference in the spectra obtained 
particularly as the neutron energy from the set was 3.5Mev and 
that from the source extended up to 10Mev. However, it is later 
shown (Sect.3-2.5) that the degree of discrimination in ITh213 
is largely dependent on the proportions of low energy neutrons 
and of gammas up to 1Mev in energy. It would thus appear to be a 
satisfactory explanation of the similarity of the pulse shape 
discrimination spectra if it is suggested that the neutron and 
Gamma contributions are also similar for the two sources over 
this above mentioned energy range. 
3-2.4 Scintillator and Tube Comparisons. 
The convenience of the Po 210  Be source facilitated a 
series of tests on the liquid scintillators (Table 7). A number 
of headings require explanation: the dimensions are the face 
diameters of the different scintillators; the delay is that applied 
to the logic output of the 'Owen' discriminator to remove high 
energy gammas (fig.23); the flgure-otmerit has been defined 
(Sect.1-2.1) and these values correspond to a threshold at 400kev 
equivalent electron recoil energy; the Owen voltage is the anode-
last dynode voltage, the value being obtained from an earlier 
calibration of the 10k ohm potentiometer across this stage. These 
last optimum voltages were found to be much the same except for 
sample C of NE213 scintillator which also produced significantly 
poorer discrimination. This wia the oldest sample of NE213 tested 
and it has been suggested. (144) that at the time of its 
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preparation (1953) the esEential process of de-oxygenisation was 
not performed so thoroughly. Aging was dismissed (144) as a 
highly unlikely cause. Also worth note was the noticeably superior 
performance of a side-bulb sample of NE213 - this also worked best 
at slightly weaker saturation. 
Table 7: Comparison of performance with various scintillators 
on the 60975 phototube. 
Scintillator Delay Figure-of-merit Owen volts 
2" NE213 A 0.6ys 1.24 1.12 
O.9ps 1.19 
2" NE213 8 0.4)18 1.43 1.20 
0.9ps 1.28 1.28 
 X213 0 0435ps 1.14 0.72 
 NE213 0 0,9ps 1.25 1.12 
2" NE218 I? 0.9ps 1.04 1.12 
2" NE218E D 0.9ps 1.25 1.12 
A = bubble free encapsulation,. B = side-bulb cell, C = old. sample 
= standtArd cell. 
At a later date a further series of tests was performed 
with a different range of scintillators, the performance in each 
case bàirtg compared with that obtained with a 5GAVP tube. The two 
scintillators mentioned above which required different 'Owen' 
voltages were omitted from this comparison arid the voltage fixed 
at 1.12volts for the 609713, and the corresponding optimum voltage 
for the 56AVP was 3.6volts. Care was taken to minimise the 
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exposure to light during changes of scintillator; adopting this 
procedure, halt an hour on H.T. sufficed to guarantee stability and 
low dark current. In this case the 'linear' discriminator 
threshold was set by the first Compton edge of the Na22 spectrum,a 
Compton electron recoil energy of 340kev, for a count rate of about 
4,000cps. The table (8) gives the mean peak-to-valley ratio for both 
the gated and ungated pulse discrimination spectra and for the 
case of the 6097B, the figure-of-merit of the ungated spectrum; 
the figure-of-merit is also given at 1 and 2Mev electron recoil 
energy. 
Table 8: Comparison of performance with various scintillators 
on the 6097B and 56AVP phototubes. 
56AVP 
Scintillator 	ungsted 	.gated 	bidimensional 
P/V P/V 1Mev 	It 	2Mev 
NE213 D 	 3:1 	2,5 	2.75 
NE218 D 3:2 	30;1 2.1 2.2 
liE218E D 	 3:1 	2.45 	2.0 
14E230 12:1 1.0 1.0 
NE232 0.7 018 
K1360 2:1 2.0 1.5 
6097B 
P/V P/V M 
NE213 	D 3.5:1 7.5:1 1.27 0.8 1,64 
NE218 	P 2:1 l.Stl 1.0 110 1.0 
IE218E D 2.5:1 4:1 1.16 1.0 1.6 
N230 0.77 1,0 
1E232 
KL360 2.5:1 421 1.18 1.0 1,25 
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Misleading, features of figures-of-merit. 
The misleading nature of certain figures-of-merit 
(&ect.1-2.1) is exemplified by this table. Firstly, the peak-to-
valley ratios are quoted because of the ease of visualising 
performance from such figures; they are a direct indication of the 
gamma rejection ratios obtainable (fig.3). The quality factor, M, 
is also quoted but it is immediately apparent, particularly for 
the 56AVP, that there is little correlation between M and the P/V 
ratios. In fact, U is only a reliable figure-of-merit when the 
pulse height distribution closely approaches a double gaussian - 
any departure from this, i.e. any skewness, gives a false 
impression of the discrimination obtainable (see fig.48,also (2)). 
Equally important is the energy range with which these figures are 
associated. Thus figures-of-merit quoted at 1 or 2Mev equivalent 
electron recoil energy are superior to those for energies above, 
say, 340kev which in fact represent some form of weighted mean 
of performances over discrete energy intervals above this 
threshold. Further significance may also be obtained from 
bid.imensional displays (Sect.3-2. 5). 
Certain of these scintillators are of particular interest: 
the NF230 and 232 scintillators are based on deuterated solvents 
and ItL360 (150) is a less well-known scintillator with P.&.D* 
properties similar to NE213. Although the deuterated scintillators 
are supposed to have longer phosphorescence decay times, (145) they 
have been thoroughly investigated (146) and shown to have 
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excellent LS.Do potential particularly in charge comparison 
techniques (147-48). It is therefore surprising to note the 
inferior performance obtained in this case. No improvement was 
obtained despite a systematic trial of various saturation voltages 
and it was concluded that complete redesign of the dynode chain 
was required. As these deuterated. Samples only became available 
towards the end of this research, such alterations were not 
performed. A comparison of figures for the 6097B photomultiplier 
and the standard cells in Tables 7 and-8 shows as expected the 
superior performance obtained at the slightly higher threshold:; 
the slight disparity in the &ase 'of NE213 Is attributed to poor 
optical coupling in the earlier experiment. 
One noteworthy distinction between the performance 
of the 56AVP and the 6097B is the degree of gamma—neutron - 
separation in the ungated spectra. This is indicated by the P/V 
values - blankè indicate the absence of any valley 'between the 
gamma and neutron peaks. 
At very low biases, i.e. lOokev and loss, it would 
appear that the 60973 is far pre±e±able to the 5GAVP, but the 
situation is reversed for thresholds in the region of 400kev.6 
This is illustrated by photographs (1) of the analysis displays. 
However, comparisons are misleading in this second case because 
the cross—over conditions in the faster tube are much more 
particle dependent and this leads to an implicit logic gating 
condition which is related to the 0.6 ps 10th of the 
discriminator pulses. A schematic explanation of fl appears in 
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the figure-of-merit, M, is in general a poor guide and the 
alternative quality factors are more significant. 
3-2.5 Interpretation with bidimensiona].. displ ays. 
A deeper understanding of the importance of the 
threshold may be obtained by reference to the so-culled 
bi-dimensional display. This is explained by Figure 50 which 
shows this display to be a representation of the probability of 
occurrence of certain pulses as a function of saturated pulse 
height and corresponding equivalent electron recoil energy., the 
pulses analysed being those resulting from some P.S.D. technique. 
The efficiency of a technique is indicated by the distinction 
in pulse height between signfls from different types of radiation, 
and the energy range over which this is attained. 
Such bi-dimensional displays were obtained by 
photographing the bt-dimensional analyser screen with an exposure 
time of 10 seconds during a run. The 'flicker' photographs were 
thus obtained; in these the intensity of each spot indicates the 
frequency or probability of occurrence of a signal of a particular 
amplitude and with a particular associated electron recoil energy. 
The examples shown (Photograph 2), for NE213, underline the 
differences in performances obtained with the two tubes: in the 
56kv?, the spurs are narrower and straighter, and tend to run 
parallel. Comparing these pictures it is easy to see that a. 
straightforward pulse height analysis of these signals will 
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the fast tube the pulse heights of the high energy gammas are 
similar to those of the low energy neutrons, whereas for the 
slow tube, although the separation of the spurs does not continue 
to so low an energy, the pronounced curvature of the spurs 
reduces considerably the occurrence of pulse heights like those 
at the intersection of the 'branches'. Similar curvature has been 
noted in a Dumont 6292 tube (15). 
The bi-dimensional display (first applied successfully 
by Brooks (149)) is really a series of 'one-dimensional' displays 
at successive small energy intervals, and the superposition of 
these constitutes the normal one-dimensional display over a much 
larger energy range. The various parts of this latter display may 
therefore be correlated with . the associated energy, according to 
the bi-dimensional display. Thus for the 56AVP it makes sense to 
refer to the right side of the gamma peak in the normal display 
(Photograph 1) as the high energy contribution and it may be 
appreciated that as the linear threshold is increased the gamma-
neutron valley is widening just because the left 'low energy' side 
of the neutron peak is being eroded. The gamma-rays emitted from 
the Pc210- Be source used have an upper energy limit at 4.43Mev 
(from Be9 (o., ii) &.25. For the 60973 the situation is more 
complicated. In this case the valley is bounded on the left by 
the medium energy gammas and on the right by the low energy neutrons 
The performance of the other scintillators. may most 
easily be related to the degree of curvature in the 60973 
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show this stronger curvature which appears to be reflected in more 
erect spurs in the case of the 56AVP. There are two main 
consequences of this effect. Firstly, with the 60973 the right-
hand side of the valley in the one-dimensional display is bounded 
by both very high and low energy neutrons so that in this case 
applying a moderate threshold only slightly improves the valley 
and this improvement is due solely to the removal of low energy 
neutrons. With the 56AVP, the marked difference is the presence 
of a valley in the ungated spectrum, The reasons for this should 
be obvious from the bL-dimensional display. Although KL360 was 
chosen to illustrate these points, NE218 displays similar 
characteristics. 
3-2.6 Special applications. 
A series of tests was also carried out on experimental 
P.S.D. plastics. These samples were of identical size ( 1" x 1") 
and were compared under closely similar circumstances using a 
vertically mounted 60973 and 56KV?. For eaa scintillator the 
optimum setting of the Owen voltage was found, a linear spectrum 
recorded to derive a threshold at 500kev electron recoil energy, 
and using this both an ordinary gated and bi-dimensional analysis 
were performed. A comparison of findings indicated the best mode 
of scintillator preparation, special features of the bi-dimensional 
display, hopeful pulse shape discriminating plastics and any 
energy dependent behaviour. Samples of each plastic were prepared 
under N20  CO2 and vacuum; those prepared under CO2 were found to 
S 
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be consistently superior in discrimination properties. It was 
noted in early work on such scintillators, that the absence of 
unbound oxygen is crucial to the performance of the scintillator 
(149). The fact that the optimum Owen voltage was very similar 
for all these scintillators was taken as indicating that the 
decay time constants of the scintillators was also similar. 
Bearing in mind that the plastic scintillators have in general 
shorter decay times (151) it was expected that the best of those 
scintillators, labelled 3b/148 0 would show superior performance on 
the faster tube (Photograph 4). This was in fact the case. It was 
noted that the vacuum prepared sample of this plaLitic produced 
better discrimination at higher energies but deteriorated rapidly 
at the lower end, In general, the plastics varied quite widely 
according to their mode of preparation. 
There are cases such as NE2I3 (Photograph 2) and 3b/148 
(Photograph 4) where the resulting separation of gammas and neutrons 
is not such as to allow simple pulse height discrimination to 
accomplish the identification. Although slight integration at the 
input of the preamplifier was found to enhance the separation (82) 
it is not thought that any further improvement would be. obtained 
by an effective integration on the dynode output (83,84). In cases 
where different curvatures occur in the proton branch of the 
bi-dimensional display, correction is possible by adding a 
proportion of a linear pulse to the processed pulse (58) but in 
the present case the correction must effectively tilt the 'brancbest 
a 
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Photo.4: Bi-dimensional display 
for 5b/148. 
To a first approximation s such a correction might be obtained 
by add±ng to the processed pulse a pedestal proportional to 
(X - E) where X is some suitable ceiling energy about which the 
display is to tilt and E the energy associated with the processed 
pulse. Such a correcting signal could be obtained using the linear 
output and a difference amplifier. This manipulation was not 
attempted. 
3-3 Light output and associated effects. 
3-3.1 Light output of various scintil].ators. 
While setting thresholds for the gating of the analyser, 
much data were amassed regarding the light output of the various 
scintillators. To make these strictly comparable the geometric 
conversion factors derived earlier (Sect.2-3.2) were applied and a 
2" x 2" NE213 liquid scintiflator was taken as standard. The 
écintillator was covered to a depth of 2mm. with NE560 (TiO) paint, 
Comparisons indicated a light output decrease of 20% when fitter 
paper is substituted for paint, and of 30% when smooth foil is 
placed in contact with the scintillator surface. $hc2e figures 
were obtained to determine the advantage of painting over other 
forms of coating so that plastic scintillators on loan could be 
compared without treating their surfaces. The scinttllators were 
mounted vertically, and the preamplifier used had an integrating 
time constant of O.Bps. Table 9 lists these results and compares 
the figures with other sources, 
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Table 9: Light output of various scintillators quoted 
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B = side-bulb cell 	C = old sample 3) = standard eel]. 
It should be noted that NE232 possessed what appeared 
to be a very slowly decaying phosphorescence. This manifested 
itself as a 'background' count three to tour times higher than 
with other scintillators even several hours after removal from 
light. The figures for the older NE213 samples are rather surprising 
particularly as the larger specimen still gave excellent P.5.3). 
The light output of the small plastic sample is typical of those 
investigated and is particularly interesting as plastics normally 
have much lower light outputs. This measurement was taken shortly 
after receiving the samples; after a period of three months 
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nearly all the exposed surfaces had turned opaque. This effect 
was initially considered to be caused by oxygen poisoning from 
the air, but a recent paper (152) has attributed such an effect 
(over a much longer period) to exposure to natural light. These 
investigators remarked, however, that no change in scintillation 
decay times accompanied this surface clouding. 
3-3.2 Optical coupling and effect on perform9j 
The scintil1.atorphotocatbOde coupling suffers from a 
number of shortcomings, some of which have already been mentioned 
(Sect 2-3.2). For instance, the sensitivity variation on the 56AVP 
photocathode was shown to be quite appreciable. The magnitude of 
the effect was gauged from a light output comparison for a 1" 
diameter plastic scintillator placed at various positions on the 
tube face. The technique consequently averaged over local 
fluctuations whereas the measurements previously referred to gave 
a more precise mipping. Despite this smoothing effect the light 
output was found to be about 107, smaller for most positions at 
the cathode edge than at the centre and in one isolated case, 30% 
down. These measurements were repeatable to within 2% indicating 
that the optical coupling was not an important variable. Taylor 
(49) has explained the importance of such variations in the timing 
technique of P.S.D. 
It has also been pointed out (Sect.2-3.2) that when 2 11  
scintillators are coupled to (nominally) 2" phototubes, there is a 
large areal mismatch in the coupling. In order to assess the 
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importance of these factors a very thin annulus of aluminium foil 
was arranged to screen the outer rim of the scintillator. It is 
worth noting that foil, when immersed in optical grease, suffers 
a large change in its reflective properties (117). This annulus, 
although only %" wide, reduced the effective area of the cathode 
of the 60973 tube by 20% 0 yet the light output decreased only 6%. 
This tends to indicate that the light is effectively concentrated 
more on the centre of the photocathode (153) or that the foil 
reduces to some degree the escape of light in the scintillator overlar 
Table 10* 	The effect on P.S.D. performance of partially 
masking the scintillator. 
Count rate 	kOOcpe 	 4,000cps 
Threshold 200kev 	kookev 200kev 	kOOkev 
It 	1.26 1.57 	1.4 1.4 
No annulus 	
P/V 	9 	 70 8 	 60 
M 	1.38 	1.52 	1.25 	1.36 
Annulus 	
P/v 	3 30 2 25 
The Table(10) indicates a noticeable deterioration in 
?.E.D. when the annulus is present. The two performance figures 
are given in each case for two count rates and above two 
thresholds. In general the 'peak-to-valley' ratios are a more 
reliable indicator of performance as the values of It are 
dependent on the peak shapes. A similar reduction in performance 
was noted by Reid and Hummel (9) using a charge comparison 
technique; in this case the light collected from NE218 was halved 
by introducing an air gap between the scintillator and 
photocathod.e. It was also pointed out that this had some relevance 
to the performance of large volume scintillators. 
3-4 Application of the Owen technique with a large dia!letor 
photomultiplier. 
The application of Owen type P.S.D. with a larger tube 
was also investigated. Of particular interest in this context was 
deterioration associated with varying transit time in a 5" 
photocathode-scintillator combination, and the effect the light-
guide has on the attainable performance. The photomultiplier used, 
an XPlOkO, was a fast tube with similar characteristics to the 
56A1P, but with a 5" photocathode, NE213 liquid organic 
scintillator was used throughout: in a 2" diameter vertically 
mounted standard cell for test purposes; in a side-bulb 5" x 1%" 
encapsulation for direct coupling; and in a 12" x 2" bubble free 
cell coupled to the tube by a conical shaped perspex light guide, 
5" in thickness. (Because of the larger areas to be coupled, 
paraffin was used for this purpose throughout). 
3-4.1 The effect of the light guide and large scintiflator volumes. 
This light guide was selected as the result of earlier 
research aimed at producing uniform sensitivity over the whole 
area of a large scintillator (154). This is particularly 
important in the measurement of P.S.D. where the validity of 
energy thresholds relies on the absence of any relation between 
pulse height and the site in the scintillator of the energy transfe 
Table 11: Light output comparison to determine the uniformity 
of a large scintillator—light guide combination. 
Postin of beam 
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A 1.12 3.38 
A 2.28 5.00 
B 1.80 4.02 
C 3,40 
A 1.23 2.74 






















A = on 12" ac'r ; B = on 2" sc'r ; C = on 12" uc'r(froml5 
D = on 5" sc'r centrally placed on light guide. 
The first tests checked the conclusions of this 
earlier paper and extended the measurements. The results were 
obtained for a collimated beam of gamma-rays, %" x 1%" In size, 
incident on the face of the cell, the rest of the scintillator 
being shielded by 4" of lead. Table 11 gives the pulse heights 
associated with the Compton edges of the Na 22 and Y88 spectra for 
a beam at the centre, 3" and 5%" out, and the percentage alterations 
from the value at the centre, the amplifier being kept at the 
same gain throughout so that intercomparisons may be performed. 
The third section lists the pulse heights recorded in the earlier 
paper (154) in this case for a collimated beam of gammas from a 
Cs137 source. The fourth section of the table shows the pulse 
heights recorded when the 2" standard cell was vertically mounted 
on the light-guide at similar sites to those at which the collimated 
beams were incident. 
The present measurements indicate a greater degree of 
uniformity than was originally attributed to this light guide. In 
fact the original figures followed more closely the performance 
obtained by Koechlin (113) for a more tapered cone.. The results 
for the 2" scintillator indicate a much poorer light collection 
from the edge of the guide. Large scntillators produce larger 
pulses for events at their edges unless some adjustment is made to 
correct for this. This phenomenon is presumably related to the 
neighbouring reflective surfaces which enhance the light collection. 
There is no such explanation for the lower light output of the 5" 
scintillator; it is tempting to assume that this, like the other 
older NE213 samples, has a lower intrinsic light output. 
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Further light output tests with the 2" scintillator 
directly coupled to the tube showed a high degree of cathode 
uniformity. These measurements averaged over local variations in 
the -same way as described earlier (Sect.3-3.2). Within the limitations 
of the technique the response was found to be completely uniform 
over the central half of the cathode, dropping by only 8% as the 
edge was approached. 
It is interesting to note that in recent papers 
involving the use of large scintillators (499155) the light output 
function derived differed from results based on smaller 
scintillatora. These disagreements are understandable on the 
basis of Kutiper's excellent paper (107) in which he produced an 
equation taking geometrical and other effects into account. With 
this he was able to point out errors in Batchelor's (79) earlier 
efficiency calculations. The cause of these errors appears to be 
the deformation of pulse heights by varying degrees of attenuation 
and changes in effective bias levels for distant scintillations, 
a vertical variation as opposed to the lateral variation accounted 
for above. Such considerations were taken into account in 
Verb.inski's neutron light output calibration (156 ). 
3-4.2 P.64). with and without the light ffiuid e.  
The P.6.0. obtained with the 5" scint±liator directly 
coupled to the tube was very similar to that found with the 5GAVP. 
However, the performance when the light guide was used resembled 
that obtained with the 6097B (Photograph 5). The explanation for 
this may be seen from Figure 51 to lie in the spread of transit 
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times for photons passing from the scintillator to the photocatho . 
This spread was calculated to be of the order of 7ns. An attempt 
to calculate the resulting change in the dynode pulse shape failed 
becaui3e the angular distribution of light emission of the 
scintlllator was insufficiently understood. The result of such an 
increase in transit time spread may be seen from Lewis and Wells 
(157) to be similar to an integration of the pulse. The 
requirements for optimum saturation were consequently rather 
difiexent and an 'Owen' voltage of 3.46 volts was selected in this 
case as opposed to the 2.60 volts required for the directly 
coupled scintillator. 
Table 12: 	The effect on P..D, performance 
of the location of the scintillation. 
Overall 	Centre 	?Cm out 	14cm out 
12" cell on 	M = 	1.04 0.65 0.66 0.70 
light guide P/ST= 	9.8 	2-76 	3.03 	454 
2" cell on 	= 	 0.79 	0.69 	0.66 
light guide pIV. 7.4 5.4 3.8 
Table 12 shows the performance figures from a series 
of experiments. These were performed for a linear bias of 300kev 
electron rccoll energy and to obtain good statistics the counts 
were over 1000seconds or longer. The first entrieb refer to the 
performance for a collimated beam of neutrons and gaiumas from a 
Po 	Be source incient on a half inch square of the 12" 
scintillator. In addition to the foLr inches of lead used for the 
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light output experiment the scattered neutrons were further 
moderated by a 12" x 10" cylinder of paraffin wax. For each 
measurement a background count was taken for the same period and 
the difference taken to obtain the data displayed. The bias level 
was reset at each position so that the figures depend only on the 
effect of the site of scintillations on the pulse shape. The 
measurements were repeated for the 2" scintillator at various 
points on the face of the light guide. Apart from the absence of 
any shielding or collimation and 5000 second counting periods, the 
procedure was identical with that above. 
It is obvious flm this latter experiment that if the 
excitations are limited to a small area, the discrimination 
deteriorates towards the edges. This is understandable since the 
transit time spread is a function of the solid angle subtended by 
the cathode face. This angle is decreased by two thirds in moving 
the 2" scintillator from the centre to the edge of the light guide 
(fig.51). When the larger scintillator was used-the light 
liberated by the excitations traversed greatly varying path lengths 
and the resultant smearing of the scintillation pulse shape caused 
a marked deterioration in particle discrimination. Thus only in the 
neighbourhood of the wall where the light may be scattered 
preferentially towards the photocathode does the performance 
approach that of the smaller cell. When the whole of the larger 
scintiflator was exposed to the gamma—neutron source the figure-
of—merit, M = 1.04 and P/V = 9.8. These figures are far superior 
to those for collimated beams. The difference arises from the 
S. 
smaller light output measured when the whole of the 12" 
scintillator is irradiated with Y88 gamma-rays. The threshold 
based on this Y88 spectrum corresponds to a higher bias for local 
excitations to that used for the collimated beam from the neutron-
gamma source. 
The PS.D, obtained for the directly coupled scintfllator 
has already been referred to as being similar to that obtained 
with other fast tubes, It was therefore meaningless to attribute 
normal quality factors to these displays and instead the gamma 
rejection ratios are quoted (Sect .3-2,4). Performing similar 
extrapolations to those described earlier (Sect,3-2.2) the 
rejection ratio for the Po 210- Be source above a threshold of 
300kev electron recoil energy was better than 99.99%. As before, 
no improvement was found on applying the timing requirements as 
suggested by Batchelor (79). A qualitative description of the 
timing relationships of the signals appears in Figure 32. To 
check on tliis point the pulses were lengthened from 0.65ps to 
1.5ps to allow for a much wider range of cross-over times but no 
significant difference in the gated spectrum was noted. The 
ungated spectrum showed a pronounced gamma-neutron valley which 
was not observed with the 56AVP. 
3-5 Cross-over timing on the 'Owen' pulse. 
3-5.1 For the XP1040 photomultiplier. 
The beet delay between linear and 'Owen' discriminator 
pulses for the larger tube was established by a process of trial 
and error, the degree of fit to the ungated spectrthn being used 
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as a guide in this selection (Photograph 6). To determine this, 
the 'Owen' and linear discriminators were used to gate the linear 
spectrum. Even when the 'Owen' discriminator is set at its 
minimum bias of 0.45 volts, most of the gamma pulses are inhibited. 
Figure 52 shows the linear spectra obtained for three relative 
delays between the discriminators. The first (optimum) delay is 
energy independent; the second corresponding to a 0.25ps delay of 
the 'Owen' discriminator pulse shows a rapid cut-off above l!1ev - 
this may be attributed to the later cross-over of 'Owen' pulses for 
higher energy radiation while the higher energy linear pulses will 
tend to trigger the linear discriminator earlier; the third 
corresponding to a 1.5p0 delay of the linear pulse displays a 
peculiar valley at GOOkev - the tentative explanation for this is 
that intermediate energy pulses have 'Owen' cross-avers which are 
slightly earlier., and therefore their discriminator pulses do not 
coincide with the critically delayed linear pulses.. This 1t arguement 
is partly vindicated by the fact that the 'valley' aisappears 
when the bias of the 'Owen' discriminator is raised to about 3 volts, 
corresponding to a further delay in this discriminator pulse 
(of Sect.3-2.4), 
In order to obtain a more quantitative understanding of 
the time relations of the gamma and neutron cross-overs in the 
'Owen' pulse a time analysts was performed on the signals. 
Figure 53 shows the circuit used. The start of the time-to-
amplitude converter was obtained from the negative leading edge 
of the amplified 'Owen' pulse. A 'Lecroy' discriminator triggering 
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at -150mv. was used to obtain this pulse. A zero cross-over 
discriminator operating on an inverted output of the amplifier 
provided the stop pulse to the converter. Care was taken that the 
amplifier did not saturate on the negative going pulse, because 
saturation effects the reproduction of the point of zero cross-
over. Figure 54 shows the time relation of the cross-oven, the 
source in this case being Po 210_Be. The neutron peak is to the 
left since these pulses cross over first. The scale here is 
4ns/cbannel and the application of an energy threshold Va gate 
the analyser did not appreciably improve the display. Also shown 
is the time spectrum for a gamma source,. Y88 . It is evident that 
this technique may be used for P.S.D. in its own right. 
3-5.2 For the 6097B photomultiplier. 
In the case of the 609713  tube, difficulty was 
encountered in getting sufficiently large signals at the voltages 
at which it was operated. Figure 55 gives the circuit finally 
settled on.- . The typical wave forms as given by an oscilloscope 
at the dynode outputs Ehow 	no sharp distinction between the 
cross-overs as found for the fast tubes and this is probably to 
be expected for the 6097B with its poor time resolution. The 
timing properties were further investigated by performing a 
bi-dimensional analysis to determine the variation in cross-over 
times with energy. The linear signal was shaped and applied to 
the 'Y' converter and the time-to-analog converter Led to the 
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'X' converter. The display (Photograph 7) fails to show any 
marked separation as a function of energy. 
3-5.3 For the 56AVP photomultiplier. 
Inapectioü of the saturated output dynode , pulses showed 
the standard cell of NE218,.,to give the best defined cross-oven 	1. 
(Photograph to) and this scintiflàtor was therefore used. The .  
56AVP gave the best cross-over time separation of the three tubes. 
The availability of larger pulses simplified the analysis and the 
circuitry (fig.56). The display, even for the case of the ungated 
spectrum (Photograph 8) 9 has a very good peak-to-valley ratio 	- 
although the appesrance may be slightly enhanced by the fact that 	- 
lower energy gammas will not trigger the cross-over discriminator. 
However, every neutron pulse with sufficient energy to trigger 
the start discriminator (&aôt.3-5.1) will trigger the cross-over 
discriminator and thus the technique has by far the best 
performance for neutron identification down to a threshold dictated 
by the scintillator used. A very, simple adjustment, delaying the 
discriminator pulse in the second 'channel by l.].ps, reversed the 
roles of the start and atop pulses. This produced the mirror image 
of the first display (Photograph 9). The obvious advantage of this 
lies in the ease of gamma rejection by settIng an integral 
discriminator bias in the 'valley'. 
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Table 13: Overall Gain changes with Count rate. 
Source Range at Compton Edge Count rate 
centre Channel (cps) 
Na22 50cm 19 3 9 500 
(O.2mCi 
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3-6 Count rate dependence. 
One final experiment was performed on Owen P.S .1). This 
was to determine the dependence on counting rate. Previous 
feasibility studies involvig the use of the large scintillator 
tube combination had found a rapid deterioration above 75,000cps 
counting rate. 
3-6.1 The effect on the linear output. 
The first tests were to determin'the effect an overall 
gain of increasing the count rate. The detector was plaaed horizon-
tally and a strong gamma source positioned on the axis of the 
detector at various measured, distances from the centre at the 
Sc mt illator. 
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Table 13 gives the results obtained. The count rate given refers 
to the number of pulses from energy events greater than 34Okev., 
and the Compton edge channel is the reference point at the 7% 
peak height corresponding to 340kev for the Wa 22 source and 
kSOkev for the Cs 	source. The defl time of the analyser was 
fixed at 32 a so that the selection of pulses was completely random, 
i.e. not count rate dependent. (Under these circumstances the 
analyser had a maximum analysing rate of 14,000 pulses per second). 
The results indicate an increase in overall system gain 
which is directly proportional to the count rate, The effects 
noticed when the source is less than 15cm.. from the scintillator 
are associated with local rather than general excitation of the 
scintillator i.e. the gamma source is effectively collimated and 
this phenomenon has been described before (Sect.3..?). The result 
of this general increase in light output is that in thresholds set 
at, say, 340kev decrease to -300kev at 70 1000cps, and '-260kev at 
90,000cps with a consequent deterioration in the appea'ance of the 
•gated. P.S.D. spectrum. 
3-6.2 The effect on P.S.D. 
A second seried of tests attempted to find any other 
source of deterioration in the Owen d±scriminat&ôn peance, 
To accomplish this; the count rate was Increased., but changes in 
the effective threshold (set at 340kev) were adjusted for by 
alteration of the tljfleart discriminator. The changes which occur  
to the pulse shape spectrum are shown in Tbie 14 and Photograph 11. 
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Table 14: 	The effect of Count rate on P.6.1). 
Channel non.. 
(80mv/ch +0.5v.) 
Source 	Count rate Neutron peak Valley 	P/V 
(cps) 
P0210. e+ a 	500 	 59 	 23 	2 
1500 62 25 3 
3000 67 26 236 
16000 72 30 2% 
18000 77 32 2 	- 
Care was taken to maintain a constant pro rata 
contrib*tion by gamma—rays and neutrons at all stages and as a 
result of earlier findings., sources were never closer than 150m. 
to the acintillator. The results indicate a progressive increase 
in pulse height as the count rate increases - there is a 0.7v. 
shift in the position of the valley for an increase from 500 to 
20 ,000cps. Although the quality of discrimination has not 
deteriorated, any integral discriminator set to reject gammas in 
such a pulse height distribution would have to be continuously 
reset as the count rate altered, or a decreased gamma rejection 
ratio would have to be accepted. 
The cause of this shift is associated with the increase 
in pulse sizes as at the linear output and dealt with above. The 
problem would therefore be best dealt with at source by adjusting 
the tube H.t, supply to obtain a constant pulse height energy 
relationship. This would IWOP the energy threshold constant and 
reduce the shift described above. Such a correction was not tried. 
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3-7 Conclusions. 
In conclusion, justification has been found for Owen's 
(7) recommendation of slow tubes, particularly down to low 
energies However, the results obtained by Owen an(i also by Brooks 
and Pringle (149) with the 6097B  tube are not in a form allowing 
comparison with my own findings. The same applies to Tanaka's 
report (142); he used ten stage RCA and Du Mont unfocussed tubes. 
Fast tubes only show superior performance to the slower tubes 
above a certain threshold which is to some extent dependent on the 
scintillator. The quality of discrimination produced in the present 
work is superior to that in many previous papers concerned with 
the saturation technique but tallies closely with that obtained by 
Broek (77) who used a 6810A RCA tube and stilbene. 
The superiority of Owen cross-over timing methods has 
been stressed, especially as regards the low neutron energy 
thresholds to which the system works., Equally good performance has 
been obtained by Fabiani (86) using NE213 and 6810A RCA tube, but 
the results obtained by Hsu (85) appear to be inferior though 
lack of detail makes comparison difficult. All circuits using this 
technique exclude the low energy gamma pulses which would otherwise 
destroy the good discrimination obtained. The deterioration in 
discrimination can only originate in signal noise and pile-up. 
Tanaka (142) has shown in fact the signal-to-noise ratio is four 
times larger in the linear than in the saturated pulse because the 
small noise pulses are less reduced by the space charge effect. 
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No grounds have been found for the commoner .criticism 
of this technique, it is easy to set up the Owen voltage and 
there is no deterioration for count rates up to 70,000cps The 
shifts associated with magnetic fields and higher count rates 
can in most cases be guarded against. The only difficulty 
encountered was in determining the absolute gamma rejection 
attainable but at the extremely low gamma miscountzsg rat..-5 
obtained this difficulty will be found with any technique. 
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CHAPTER 4. 
Pulse shape discrimination by 
the timing technique, 
4-1 Dtscption of the timint technique, 
The zero cross—over timing method of discriminating 
was also considered. A variety of techniques have been described 
in the review and a mathematical justification for some of these 
appears in the Appendix. The results reported here relate to a 
unit devised by Davie (12) and applied in combination with a 
variety of scintillators and the two types of photomultiplier. 
Much of the detail refers to modifications performed on the PaGeD, 
circuitry either to alter the shape of the puld3e or to improve the 
efficiency with which the tinting information was extracted. Also 
discussed are the various criteria by which the value of these 
adjustments were judged. 
The circuit (fig.57) was originally designed to work 
off the same principle as Roush's (11) i.e. to affect a timing 
from start to zero cross—over of a once integrated and 
differentiated dynode pulse. A lizfear pulse was required in order 
that the shape be not distorted by saturation and therefore a 
single dynode output was used for both the linear output, and the 
P.S..D. unit; this technique, as pointed out by Forte (36), is not 
susceptible to inter—stage gain changes as are those methods which 
derive •start' and cross—over pulses from separate outputs. The 
shaped pulse was limited and amplified before passing to a 
-.79- 
+12Y 
R13. 	 R21 	 cis - 
	
R4 	RO 01 	Rio 	RIS 	
C1IRJ9 	 R23. 	R25 
7; 
4TO 	 Ru 	
R26 
I  R2 Amplifier 	 C7 	 - I  
-r - 	 - Cs 
RI 	' 	Cl 	 - 
-J Input frcn. R3 
	
Ti 	Di 











R5 	R8. R9 	R12 R16 	VR1 	
C12 	R20 	 R24 -R27 	
.cfltT 
R14 	 R22 	
C 6 
- --, 	 PULSE SHAPE DISCRIMINATION UNIT 	 - 	- 
- 	 ---' 	 - 
long—tailed pair' (158) which charged up a capacitor for the 
time that this pulse exceeded an adjustable threshold. The 
amplitude of the voltage pulse from the capacitor being proportional 
to the time required, this pulse was suitably shaped for multi-
channel analysis. 
4-2.1 application with a slow tube. 
The tenth dynode of the 609Th, previously shown to be 
linear up to 1,350 volts, did not provide sufficiently large 
signals and further amplification was required before input to the 
unit (fig.58). A charge sensitive preamplifier (133) with low 
noise characteristic was used. However, the pulse shape discriminator 
was designed to accept only positive signals as provided by a 
conventional compound common emitter preamplifier. Therefore an 
inverting input stage (fig,59) was added. The preamplifier used 
performed a lOOps integration (effectively infinite for pulses 
with nJ%ps decay times) and this represented a sharp departure from 
the normal procedure of initially integrating with RCA' 400ns. Thus 
to provide a zero cross—over, double differentiation was required, 
the first differentiation illustrated as occurring in the inverting 
input stage, (Further details on such techniques appear in 
Section 1-4.3). 
The first tests were concerted with finding the best 
combinations of tube BHT and preamplifier gain, the aim being to 
keep the noise generated to a minimum. This accomplished, the effect 
of the input transistors T2 and 9 was enquired into (9 was placed 
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in the second stage in a similar position to T2 ). Their presence 
was intended to reduce the Miller effect associated with the 2p1. 
capacitance of the transistor base-collector junction. The presence 
of this capacitance in the second stage would create undesirable 
integration with the 1.8k resistor. However, the removal of T2 
and TI produced no detectable worsening in the overall 
discrimination. 
Table 15: 	An example of the ana1ysiQperfoed. 
With Transistor in input stage: 
Channel FWHM 
Preamplifier Neutron Gamma Neutron Gamma M flfio 
gain peak peak (±0.14) (0.14) 
101 82 91 3.9 6.0. 0.91 1,54 
10z2 80 90 4.3 7.6 0.84 1.77 
10x4 81 92 4.3 8.1 0089 1188 
lOtS 81 92 5.1 7.6 0.85 1.53 
Without Transistor in Input stage: 
10 x 1 82 92 3.8 6.4 0.89 1.69 
10 x 2 81 92 4.7 7.6 0.89 1,62 
10 x 4 82 92 4.6 6.3 0.92 1.37 
10 x 8 79 90 6.3 9,6 0.70 1.56 
Table 15 presents an example of the analysis performed. 
The comparison is in terms of the previously defined quality factor, 
M, for an energy threshold of kOOkev. P1 was derived for various 
settings of gain, with and without the additional transistor in the 
input stage and no significant changes were noted. 
- 
Although not obvious from this table, the setting of 
10 x 2 gain was found best for minimising noise contributions. 
The other conclusion of importance relates to the PSVHM ratio for 
the neutron and gamma peaks. It is apparent that the value of this 
ratio depends strongly on the electronics settings. This is 
contrary to the findings of Reid and Enamel (9) that this ratio 
is a constant characteristic of a given scintillator. 
Roush has pointed out (11) that the quality of P.S.D. 
is dependent on the 'steepness' of the pulse at the zero cross-
over as well as on the difference in cross-over times for neutron 
and gamma pulses. It may therefore be appreciated that for a 
given type of shaping the response of the time-to-amplitude 
converter is of some importance. In the converter used, a Bfl7k 
and BZT88 acted as diode compensated constant wn'rent generator 
for the 'long-tailed pair' (19). The adjustable ratio 	IN Ibk+kJh(un 
controlled the threshold at which all current is switched from 
passing through the right-hand to the left-hand member of the 
dual transistor. Thus, the respone of the converter depends on the 
switching speed and gain - bandwidth product of the transistor 
used. 
In practice this threshold was adjusted at about lOOmv, 
Using an oscilloscope this setting was fixed above the level of 
small positive overshoots caused by unavoidable integr4tioZZS at 
earlier stages in the circuit. Further improvement was obtained on 
suitably terminating unused outputs, and adhering to the best gain 
settings found earlier. 
4-2.2 Optimising and, performance rating. 
For this particular type of shaping an attempt was made 
to find the best time constants for the two differentiations., 
i.e, in the inverting stage and at the input stage of the 
discriminator unit. Figure 60 shows the crossing time spectra 
obtaizied for a fixed electron recoil energy threshold of 500kev 
using various capacitances as indicated in the two stagei. 
Capacitance was adjusted in preference to resistance in order that 
input impedance and gain should remain unchanged. These results 
were obtained for a standard flfl13 scintillator ( 0 2" x 2)4 11 ) with 
a j.00mCi PO 210. Be source positioned 15cm off axis to give count 
rates of about 1 kcps. Under these conditions (a) was chosen as 
optimum for the consistency with which this shaping produced good 
P.S.D, The BC time constant in each stage was 350na. Further runs 
were performed with the input shaping capacitor changed to 200, 
600, and 600pf, by turn, but inferior results were obtained. 
As in the previous tests the peaks appeared symmetrical 
and the quality factor, V, was considered on its own to be a 
sufficient criterion by which to judge performance. 
Using these same shaping parameters, and other experimental 
conditions, a further comparison was carried out using two 
standard cells of NE218 and NZ218E of the same dimensions. In 
each case the 500kev threshold, derived from a linear Na22 
spectrum, was adjusted to take account of the different light 








P.S.D. performance with the 6097B tube 
using the timing technique. 















Table 16 lists the results obtained for the three 
scintillators, the acceptance and rejection ratios being obtained 
bye similar extrapolation procedure to that described earlier 
(Sect-3-2,2). These results indicate that NE213 and NL2I8E 
produce discrimination of a similar quality, but taking the gamma, 
neutron proportions as the most reliable guides, NE218E may be 
taken as slightly superior (Eee Sects.1-2.1 and 3-2.4) 
4-2,3 Source dependence. 
In keeping with the course of experiments followed earlier 
(Sect.3-2.3) comparisons of performances for different sources 
were also carried out. Figure 61 shows the results obtained with 
this timing technique with (A) the 	Be source and (B) the 
radiations from the H.P. set under similar conditions to those 
reported before.. In this case the counting rate was 1 kcps for both 
sources above an energy threshold of 400kev. A comparison 
indicates a slightly superior performance in terms of peak/valley 
ratio, and acceptance and rejection; values, for the 
t 
ttk4.. 
'monoenergetic' beam. A contrary conclusion might be drawn from the 
quality factor, but the low value of M for the H.T. set is caused 
by the peculiar shape of the neutron peak.. The cause of this has 
not been established, The ieterjoration for higher energy ranges 
is associated with a similar curvature of the bi—dimensional 
display to that described before (Sect.3-2,5). 
4-2.4 Delay—line shaping. 
Alternative forms of pulse—shaping were also investigated. 
Firstly delay—line shaping was substituted for the first 
differentiation, the BC input network being removed and the 50obm 
output of the charge sensitive preamplifier matched by the cable 
used to shape the pulse. Since only lOOohrn cable was available in 
sufficient length, two shorted cables were used in parallel to 
avoid ringing (fig.62). After reference to Roush's paper (11) 
300ns lengths were used giving a clipping at GOOns. An attempt to 
remove the pedestal on the clipped pulses by capacitive coupling 
(160) was abandoned lest it was degrading any distinctive feature 
of the waveform. 
In a second investigation, the order of this shaping 
was reversed. The inverting stage was returned to its original toni 
and the differentiation in the input stage was replaced. 330ohm 
cable matched at input was used as shown in Figure 63 to again 	- 
• 	provide a 600ns clipping. At best only very poor discrimination 
was obtained by either-of these methods for a large range of 
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A possible explanation for the failure of these techniques 
may lie in the very long integration time constant of the 
preamplifier. As is shown in Figure 65 when the time constant is 
short or comparable with the clipping time the result is an 
inverted copy of the leading edge, but if an appreciable proportion 
of the integration is yet to occur when the pulse is clipped, the 
result is somewhat different and the eventual zero cross-over may 
not occur at a significant part of the pulse It is worth noting 
howeverLthat the part of the pulse which is most significant i.e. 
particle dependent, depends on the type of tube used. 
One marked disadvantage of the system described was the 
smallness of the dynode output pulses. Little was gained by changing 
the final stage resistor in the voltage divider and using the 
eleventh dynode output in preference to the tenth, as the output 
voltage was still limited by the deliberately saturation prone 
characteristics of this dynode chain. 
4_3.1 Application with a fast tube. 
The 56AVP with its larger current delivering capacity 
did not suffer from this problem. The linear output did suffer 
from the pick-up distortion and it was obvious that the final 
dynode should be used to reduce this to an acceptable level, Great 
Improvement in P.S.D. performance was obtained when this dynode 
was used with the 10k variable resistor over the final stage 
replaced by 420k ohm in order to maintain the tapered voltage 
distribution referred to earlier (Sect.2-1). Under those conditions 
INNM 
the pliotomultiplier produced a linear output at the 14th dynode 
above 1,700volts but since the conventional preamplifier used 
limited at higher voltasec, thia value of KilT ws not exceeded. 
Using this voltage preamplifier the integrating time constant 
could be adjusted to suit, and in the present application this was 
set to give a decay time constant of 400na. By viewing the output 
pulses with an oscilloscope and adjusting components to obtain 
this value account was taken of stray capacitance in the voltage 
divider, in the short linking cable, and at the input at the 
preamplifier. 
4-3.2 Design features and modification of the pulse shape 
43. scriminator. 
In accordance with Boushs findings for the NE213 
scintillator, a differentiating time constant of kOOns was also 
selected. Tthrn with the shaping set to suitable values, a 
systematic series of tests and substitutions was carried out on 
the P.F,n, unit to obtain improved performance. The performance 
was ascesseci using the Po210— Be source 1 and the standard tE213 
cell. 
The differentiation constant is more precisely given as 
(H + r0)0 where re is the emitter resistance at T2. Since re is 
inversely proportional to the current drawn through T2 for large 
pulses this resistance will decrease from, say, 5 to kohm, which 
for B = lOOohm represents a "1% decrease in the differentiation 
constant. It is easy to visualise how J.s might be used to 
remove the curvature from the bi—dimensional display, 
—87- 
This curvature (Photograph 12) has been referred to by many 
researchers (58,59) and appears to be a characteristic of the 
particular scintillator. Figure 66 shows how the smaller pulses 
which are not so stroxil differentiated will cross later than 
otherwise and hence the curvature may be compensated for. 
Tests were performed for various values of R. adjusting 
C to keep BC constant, and noting the corresponding peak/valley 
ratios of discrimination spectra. On the basis of these the 
combination of lOOohm and 4,000pf. was selected as optimum. 
The bt-dimensional display still shows an 'elbow' 
(fig,66) associated with low energy pulses which prevents discrim-
ination down to such energies. This limitation is associated with 
the clipping diodes, the function of which is!, .to prvent saturation 
by shorting to earth all pulses larger than s0.6v. However in Ti 
this technique results in small pulses seeing a large loud -1.8k 
in parallel with diodes - and large signals seeing the same until 
they reach O.Gv. when they are shorted. The larger pulses 
inevitably return to zero later than they should. An attempt was 
made therefore to make the small pulses also return slightly 
later by applying a very weak integration. For this purpose a 
small 1 - lOpf. variable capacitor was placed across the diodes. 
The bi-dimensional display was used to determine the best setting 
of the trimmer for reducing this 'elbow'. This was about .3pf. 
because at higher values the integration adversely affected the 
display in the high energy region. However the improvement was so 
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Attempts to improve the clipping by the use of faster 
Ge diodes also tailed. The smaller clipped pulses required 
further amplification and this was not easily avatlable in the 
following stage. The final solution adopted was the use of a 
single diode (1N916) to clip the negative timed pulse and, since 
with no discharge path to earth it would charge up, a 10k ohm 
resistor was placed in parallel with the diode. 
Additional precautions of a general nature were also 
taken. Heavy braiding was substituted for the earth line of the 
circuit which was mounted on 'Verobord'. The output stage, a 
compound comuton emitter, was separately de-coupled and small 
resistors placed on supply lines as it was known this output drew 
large surges of current from the supply and could feed back to 
earlier stages. 
Consequent performance. 
After these modifications had been performed a comparison 
of scintillators was performed. The results appear in Table 17 
and an example (for NL213) in flgure 67. AS with previous 
comparisons the tube H.T. was adjusted to obtain the same 
thresholds by reference to Na22 spectra. The cottht rate for the 
gamma-neutron source was maintained at 1 kops. 
H 	 ç.LSi}ist 
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Table 17: P.S.IY. performance with the 56AVP tube 
using the BC timing tecbniq 
pfi/v 
equivalent electron recoil 
energy thresholds. 
Scirtillator Cell size lOOkev kOOkev lOOkev 400kev 
NE2I3 	P 02" x2" 1,4 1.7 41.5 175 
NE218 	B 02" z2" 0.9 1.3 9.5 15.5 
NE218E 0 02" fl" 1.2 1.45 7.5 70 
NE230 0 1)"xl" 0.5 0.7 1.5 2.5 
NE232 çt 1)"x1" 
KL360 02" x2" 1.1 1.2 10 14 
P standard cell. 
In general, the performance is remarkable for the values 
obtained at low energy thresbolds. It is noted from McBeth's 
article (2) that quality figures of 1.5 or better represent 
complete separation of radiations. However this technique does not 
appear tolerant of scintillators suspected of having different delay 
tines and in this the figures for the last three scintillators are 
not truly representative. 
4_3 • 3 Delay—Line and other forms of shaping. 
Alternative forms of pulse shaping were also considered. 
Again refering to Roush's paper (11) it was found that unless 
—90- 
substantial re-designing was carried out, a simple RLC network 
to perform ?.S.D4 would require an inductance of 15pH! This was 
not attempted. Details in this paper relating to delay-line 
Shaping are limited to stilbene, but extrapolating from the 
parameters for stilbene and NE213 in the case of PC - CR shaping 
tentative conclusions were reached: time constants of ips and 
500ns were initially selected for the integration and delay-line 
clipping. It was also decided to incorporate a variable attenuator 
into the input of the unit to obtain the best timing from the 
converter. 
4-3.4 Optimising and performance rating. 
A systematic search for the best shaping parameters was 
then commenced. The circuit used is shown in Figure 68. With two 
preamplifiers in parallel attathed to a single dynode output, 
there was complete freedom to adjust shaping parameters and 
attenuation. The non-inverting preamplifier was used as the 
linear output from which to derive a constant recoil electron 
energy threshold at lOOkev, this being checked whenever adjustments 
of the preamplifier integration time constants could have changed 
the effective load seen by the dynode output. The second 
preamplifier was used in the inverting mode, the output impedance 
being very closely matched by the 100 ohm variable length clipping 
delay-line. The input impedance of the inverting stage was effect-
ively infinite, the gain of this stage being adjusted to suit the 
P.S.D. uit. The performance of the assembly was judged by 
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Ghreshold, the standard NE213 cell and Po 210- Be source being 
used 	hout. 
The results of this experiment are displayed In a 
contour map of integrating time constants versus clipping delay 
line lengths (fig.69). Small inconsistencies in this graph were 
attributed to after-pulses occurring about 14Ons after the main 
pulse commenced. On the basis of this graph, an integrating time 
constant of 0.65ps (as observed at the preamplifiers output) and 
a clipping time of lions were used. 
Table 18: 	P.S.!), performance with the SGAVP tube 
using the DL timing technique. 
P/v 
equivalent electron recoil 
energy thresholds 
Scintillator Cell size loOkev 'scOkey lOOkev 400kev 
NE213 	D $ 2" x2" 1.85 2.05 31.5 140 
NE218 	D 0 2" x2" 1.29 1.37 8.7 23 
NE218B D $ 2" x2" 1.82 2000 15 150 
NE230 0 l)"x1" 0.95 1.03 4.2 4.9 
KE232 
KL360 2" x2" 1.50 1.65 13.5 38 
D = standard cell. 
With these shaping parameters a comparison of ecintillators was 
performed, the quality factors in Table 18 being given for 
-nfl-- 
-1 
thresholds of 100 and kOOkev. In each case the H.P. was adjusted- 
to obtain the same overall gain i.e, so that the threshold 
discriminator did not require adjustment and the signal sizes 
/ 
entering the P.S.D. unit were identical. An example of the spectra 
obtained is given for NE213 (fig.70). 
44 Conclusions.. 
K Compsiing-this DL shaping with the RC shaping considered 
earlier the above method appears to be more satisfactory for the 
deut.erated and Koch-Light seintikiators. The obvious advantage for 
the standard (B) cells lies in th)a flat bottomed valley, which 
in the case1f flV213 (fig.70) is sL300mri,ide. Thus the setting\ 
of the disoriminator for gamma rejection. is not crucial, and small 
changes due to temperature or power supply drift are of little 
consequence. Also it may be-assumed that with this short lions ' 
clipping the count rate capability is correspond ngl enhanced. 
( A comparison of Tables 16 an&I7indicates that the 
56kVP photomul€ipfler-is.,qlearly, superioI'to-th&6997B when used 
in timing techniques of .P.S.D. However in contrasting theS-, 
performances note should be made that due to the limitation in 
pulse size in the smaller tube rather different methods were used 
in the two cases. With the slow tube where double differentiation 
was used, the optimum shaping constants were found to be similar 
to the integration and differentiation constants used for the 
fasttübe, both providing a zero cross-over about 500ns after the 
pulse 9tarted. Table 19 compares the various figures-of-merit in 
-93- 
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the two cases, for NE213. As would be expected in this applicatir 
the fast tube is definately superior. Table 18 would indicate the, 
delay—line shaping techniques deserve more attention. 
Table 9i Comparison of tubes for the timing technique. 
Expt'l Details 	 6097B above 22.0kev 
P/V Neutron acceptance Gamma rejection U 
1E213 DC 21'x2") 
210 	 22.5:1 	99.8% 	 99.8 	
1.30 
Po - Be source 
101000eps 	
56AVP above ].00kev. 
	
41.5:1 	99.86% 	 99.90% 	1.4 
56AVP above AOOkev. 
175:1 	99.97% 	 99.98% 	14 
A comparison with standards of discrimination by the 
timing technique obtained by other researchers may be made using 
Table 3. The performance of both BC and delay—line uhaprg with 
the 56AVP and NE213 is as good or superior to anflhing produced 
before. The one exception to this is the work of Bucher (58)(Sectl-4.3 
The performances of the two tubes in the Owen technique 
have already been dealt with. Considering the results obtained for 
each tube with the two techniques one sees little difference in 
78c16 
performance from the slow tube (Tables 8317) but a marked 
improvement in using the 5611VP with the timing technique. However 
in certain applications sufficient discriminetiOn over a wider energy 
range may be obtained using the most economical combination of 
components * and without any stringent requirements on the associated 
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electronics. It is worth repeating that the basô of the gamma-
neutron valley in this Owen technique is at least lv. wide (fig,43). 
The timing technique based on the Owen technique also 
deserves further attention. From the investigations carried out it 
is concluded that this little-used technique, when applied to a 
fast tube inherits the attributes of both the other methods dealt 
with. Both the.preciSion of the timed cross-over and the sharp 
distinction of radiations associated with the Owen technique play 
their part in making this an excellent method of P.8.1). In general 
terms, it appears that the Owen technique.: depends ieee critically 
for its functioning on the characteristics of the scintillators. 
Certainly when the plastics referred to earlier (Sect.3-2.6) were 
used with the timing technique absolutely no discrimination was 
observed. Presumably after careful re-designing of the 
photomultiplier dynode cb.ains, suitable shaping parameters could 




The source of P.S.D. in the liquid organic scintiflator 
is understood (5 9162) but since the chemical features associated 
with these characteristics are not known, the production of better 
discriminating seintillators is largely a matter of trial and 
error. However, recent advances suggest r.f, stiiaulation.of the 
scintillator as a means of shaping the fluorescence pulses to 
eliminate noise and enhance the neutron-gamma separation (162). 
Separation may be further enhanced if some well-defined 
relation between fluorescence spectra and incident radiation can 
be found, The research into the decay time versus wavelength. 
relations (163-165) has not shed any new light on the subject, but 
recent work by Langenscheidt (166) implies that spectral filters 
or cathodes with selected spectral responses may preferentially 
detect the desired radiation.. Such a technique was used by 
Erehuss (167) for alpha-gamma discimination in OsI(fl). 
In timing applications where a fast tubs 18 used, the 
findings of Bengston (168) suggest that increasing the effic1enc 
of the photocathode is the simplest way of improving time r*solât 4 on. 
Taylor,(49) thinking more in terms of photon detection etficiency 
reasoned that a change to a superior photocathode should halve the 
energy threshold at which acceptable discrimination might be 
obtained, An alternative method of obtaining higher timing resolution 
may be provided by the hybrid photomultiplier proposed by Chewlier 
(169,170). Reduction in the transit time spread may be achieved 
by the use of larger voltages over parts of a conventional 
photomultiplier as suggested by Brest (171). 
In the Owen technique it appears likely that in some 
photomu].tipliers the geometry or spacing of the anode and last 
dynode may be specially suitable for producing the optimum filter 
for P.S.D. Only a careful survey of many tubes could establish this. 
The sampling techniquecsugrested by Tejo has many desirablE 
properties. Apart from complete freedom to make the most of pulse 
shape differences, there is the advantage of ease of adjusting for 
other scintillators with unknown characteristics. This appears to 
be a great disadvantage of the timing technique and to a lesser 
extent of the Owen technique as well, 
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APPEINDIX 1  
Field conditions due to Space Cbargç 
The avoidance of space charge saturation in the final 
stage of a photomultiplier has been extensively treated elsewhere 
(172). The simpler treatment here verifies the effect of the 
space charge on field distributions assumed earlier. 
From Maxwell's first equation and the definitions of 
charge density and potential(t'./: 
• 	(l3 
• 	 (2) 
• (3) 
The last dynode'-anode current variation may be associate( 
with V ol the average velocity for electrons leaving the dynode. 
When this is zero, there are equal numbers of electrons leaving 
and returning to the d,ynode. Thus the electron velocity at various 
points with associated V(x) is: 
Yr 	 (4) 
Re—writing (2) in terms of potential and velocity: 
and substituting from (4) 
r 	i-Y n 1(_2_%VI_VSI)L 
TA 
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+ Constant, by integration. 
When z=O,V=C and p=E 0 =-() 
Constant = 
V 
Accordingly there must be a point given by: 
lii 	 t mjv. 
 
tY 	I 
at which p = 	= 0 - a minimum (fig.fU) corresponding to a virtual 
dynode and also the maximum space charge density. 
Re—writng (5) as: 
	
V 7 	 v0)1 i) 	it may be seen that as 
v0 increases, reflecting closely the variation in the current pulse, 
V becomes more negative and the space charge mote positive. 
This mechanism thus serves as a velocity filter. Under 
idealised conditions the effect of varying v 0 and varying space 
charge repulsion may cancel out these conditions being obtained by 
the best choice of dynode—anode voltages and geometries. It is 
equally probable that suitable adjustment of these parameters will 




Theory of Owen pulse height and zero cross—over discrimination. 
Since it has been shown experimentally (17) that the fast 
component of the scintillation is particle independent, the P.S.D. 
theOry should be applied from the point at which the slow component 
becomes operative. Let t = 0 at this point in time and the 
corresponding voltage of the Owen pulse by V —V0 (fig.21). 
Considering the last dynode circuit (fig4l ). 
cti zJzIs_UIsap( t 4s) 	 (1) 
where 	 Ii : fl$f (tfrs\ 04 1,:81, 
is  is the initial value of the slow component of the current pulse. 
Ts is the decay time of the slow component. 
& is the multiplication factor at the last dynode (assumed constant 
Taking the integrating factor exp (t/lw), eq.(l) becomes: 
CN tj4id4t Cfr)184I5 	(A. 4J 
or 	 (2) 
where 	Y5:k1s1-fl  
Integrating (2) 	VWf 	stflj. t 
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Re—express V ass— 







= C) when V = V and t = t(va1ue at maximum of 
overswing) 





Substituting in (4) 
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and 	 It  Vj = t 
7 Vs 	'rsty! 
Substituting in (3)1 




Equations (5), (3), and (6) appear as equations (1), (2) and (3) 
on F, 45 
(A5) 
APPENDIX 3. 





For a differentiating citcuit as shown: 
Jt at VA 
where ¶ is the decay time constant of the input voltage pulse, 
then for (1) the Complementary Function is: 
To determine the Particular Integral let: 
and substitute in (I) 
i? 	-ptit Lt* 
the Particular Integral to 
the General Solution is 
g 
Vt t1 N %)t fT I. R") 09) it-IT 




the General Solution becomes: 
V 
Providing RO*1 , whenVcdU 
This indicates that t o , the time of zero-crossing, is dependent 
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